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Abstract 
 
Thermoplastic polyurethane (TPU) is one of the most widely used thermoplastic elastomers (TPE) 
due to its high strength and tear resistance, good elasticity, flexibility and damping properties. 
Enhancement of TPU properties can be achieved by either varying the hard-soft segment 
composition ratio or by the reinforcement with micro or nanoscale fillers. In the last decade, 
cellulose nanocrystals (CNC) have gained an increasing degree of interest from both academics and 
industries as ‘sustainable nanomaterials’,  as they have high-axial mechanical properties and 
reinforcing capability, abundance, low density, renewability and biodegradability. Contemporary 
research activities centred on the reinforcement of TPU with CNC have typically employed solvent-
based fabrication methods (solution/wet casting). For the successful translation of this new class of 
nanocomposite materials from laboratory research to widespread applications, processing via 
scalable approaches has to be demonstrated. The utility of CNC as TPU reinforcers has also been 
limited by the poor thermal stability of CNC, which are typically isolated via acid hydrolysis, as 
well as the poor quality of dispersion achieved when more scalable methodologies are used (eg. 
melt compounding). Thus, this study firstly aims to explore, optimise and develop CNC with 
enhanced thermal stability, and secondly, to incorporate these more thermostable CNC into high 
performance TPU nanocomposites via scalable melt-compounding and reactive extrusion methods.  
The research thesis is presented in three main parts. The first part is focused on the 
production/isolation of CNC with enhanced thermal stability and at a high production yield. CNC 
has been isolated via two methods, acid hydrolysis using mild acid and a scalable high energy bead 
milling process. Both processes have been optimised to isolate CNC with requisite thermal stability 
and dispersibility for TPU host polymers. The second part is focused on the processability of CNC 
into the TPU matrix via an intermediate-scale traditional twin screw extrusion melt compounding 
method. The third and final part is focused on the processing TPU/CNC nanocomposites via a 
large-scale reactive extrusion method, by pre-dispersing CNC in polyol and then performing in-situ 
polymerisation in a twin-screw extruder (i.e. reactive extrusion). The main outcomes or 
observations from this study are:  
• Isolation of CNC with enhanced thermal stability and dispersibility via mild acid hydrolysis, 
and with a higher production yield than the previously reported methods 
• Acid-free isolation of CNC with enhanced thermal stability at high production yields 
• Organic solvent-free processing of TPU/CNC nanocomposites  
• The performance of the host TPU matrix, a “workhorse” aromatic polyether grade, is 
remarkably enhanced by the incorporation strategies reported, without negatively affecting 
the important elastic properties and compliance of the TPU 
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Chapter 1 Introduction 
1.1 Cellulose nanocrystals reinforced thermoplastic polyurethane nanocomposites 
 
The invaluable properties of thermoplastic polyurethane (TPU) such as high elasticity, flexibility 
and damping ability have made TPU one of the most widely used thermoplastics for a wide range of 
applications.1, 2 The enhancement of certain properties of TPU can be achieved by the incorporation 
of various reinforcing fillers, such as carbon nanotubes, nanoclay, nanocellulose,silica,3-6 either at 
microscale or nanoscale dispersion length scales. The incorporation of nanoscale fillers, even at low 
fractions (<5 wt. %), into TPU matrices has given rise to some remarkable improvements in the 
mechanical properties, thus sparking an interest in their further development with respect to cost 
and processing.7 However, some of the remnant key issues associated with the incorporation of 
these nanofillers are discoloration or compromised appearance of the polymer composites8 (black in 
the case of carbon nanotubes, and an earthy taint in the case of natural layered silicates) and their 
poor processability at commercial scale and at a cost acceptable to the market. 
 
There has been a growing concern regarding the environmental impact and economy of fossil 
feedstock and a demand for products made from renewable and sustainable resources. During the 
last decade, nanoscale particles from renewable resources have been sought as sustainable 
nanofillers for reinforcing polymers. Cellulose, which is a homopolymer of D-glucose, is the most 
abundant polymer in nature, representing the main structural component of plants. Cellulose at the 
nanoscale level in native fibres possesses very high crystallinity, mechanical properties and 
transparency. By deconstructing to the nanoscale level different types of nanoparticles can be 
produced, including rod-like cellulose nanocrystals (CNC), which were previously known as 
cellulose nanowhiskers. CNC have high-axial mechanical properties and reinforcing capability, 
abundance, low density, renewability and biodegradability which make them ideal candidates for 
incorporation into polymer matrices.9-11  
 
Recently, several researchers have reported some remarkable reinforcement of TPU through the 
incorporation of CNC. However, most of the polymer processing methods utilised in these studies 
have been solvent-based i.e. in-situ solution polymerisation and solution casting.12-14 In order to 
achieve the widespread application of thermoplastic polyurethane nanocomposites at the industrial 
scale, processing has to be demonstrated either by conventional polymer processing techniques or 
new methods. To address this challenge, this research focuses on identifying the limitations, both 
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with CNC nanofillers as well as TPU-CNC nanocomposite processing, and investigating new and 
different approaches for industrial scale processing of TPU/CNC nanocomposites.  
1.2 Research motivation 
Contemporary research activities regarding TPU/CNC nanocomposites are based mostly on the 
solution/wet casting method. The literature on the processing of TPU/CNC via the melt 
compounding method is very limited. We know that this poor processability using conventional 
processing methods (melt compounding, extrusion and moulding) is associated with low CNC 
thermal stability and non-optimised dispersibility or compatibility with TPU host polymers. The 
CNC produced via sulphuric acid hydrolysis exhibit low thermal stability, as the sulphate groups on 
the cellulose promote dehydration/degradation reactions. Hence the isolation of CNC with enhanced 
thermal stability is required using either a solvent or solvent-free method. CNC obtained using a 
mild acid hydrolysis or “acid-free” mechanical methods can be expected to retain thermal stability.  
 
To fully exploit the reinforcement potential of CNC, high quality dispersion in the polymer matrix 
is vital and, for TPU, conventional solvent methods have been found to show a high degree of 
dispersion. Thus, in this work, approaches for improving the dispersibility of CNC using melt 
processing will be investigated. To obtain high performance in TPU nanocomposites, the 
interactions between CNC and TPU segments must be investigated. Hence, this study will focus on 
the comprehensive evaluation of the structure-property relationships of TPU/CNC nanocomposites. 
The outcomes of this work will demonstrate not only the potential of CNC with enhanced thermal 
stability and dispersibility as very attractive nanofiller candidates, but also that scalable processing 
of TPU/cellulose nanocomposites can potentially be used in various applications.  
1.3 Projects aims 
This research aims to explore, optimise and develop cellulose nanocrystal (CNC) reinforced 
thermoplastic polyurethane (TPU) nanocomposites primarily via scalable melt compounding and 
reactive extrusion processing methods. In order to achieve this main objective, this project was 
divided into three specific objectives: 
a) To isolate CNC with good thermal stability, dispersibility and high scalability suitable for 
melt compounding and reactive extrusion processing. 
b) To achieve high quality dispersion of CNC in a TPU matrix and in the polyol precursors in 
the case of melt-compounding and reactive extrusion, respectively. 
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c) To demonstrate a full understanding of TPU/CNC nanocomposite processing-structure-
property relationships.  
For thorough comparison, isolation of CNC using sulphuric acid and the processing of TPU/CNC 
nanocomposites using solvent based methods are also studied and discussed. The CNC obtained 
using different methods are characterised using transmission electron microscopy (TEM), x-ray 
diffraction (XRD) and thermogravimetric analysis (TGA). The performance and the structure-
property relationship of TPU/CNC nanocomposites are evaluated using dynamic mechanical 
analysis (DMA) and differential scanning calorimetry (DSC), and by measuring mechanical 
properties including tensile, tear, creep resistance and hysteresis behaviour. By following these 
proposed approaches in a systematic manner, the necessary knowledge regarding the production of 
CNC with enhanced thermal stability and the development of high performance nanocomposites 
using commercially scalable processing methods will be obtained. 
1.4 Thesis outline 
 
Figure 1.1 Overview of the approaches for processing TPU/CNC nanocomposites and the thesis 
chapters. 
As shown in Figure 1, this work can be divided into 3 parts. The first was to obtain cellulose 
nanocrystals (CNC) with enhanced thermal stability. In this work, CNC were obtained by two 
methods: acid hydrolysis using mild acid, and careful combination of acids and a scalable high 
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energy bead milling process. Both processes were analysed and the optimum condition and process 
was decided upon to employ in TPU nanocomposite fabrication. 
The second part of this work aimed to evaluate the ability of CNCs obtained using different 
methods in the processing of the TPU matrix using typical melt compounding methods at elevated 
temperatures and at intermediate scale. 
The third part of this work was aimed at demonstrating a commercially applicable approach to the 
processing of TPU/CNC nanocomposites. To obtain nanocomposites with enhanced dispersibility, 
the incorporation of CNC in polyols was firstly achieved using an organic-solvent-free method. 
This then enabled the polymerisation of high quality nanocomposites in a twin screw extruder using 
reactive extrusion. 
1.5 Thesis structure 
This thesis consists of  9 chapters. This chapter, Chapter 1, provides the background of the research, 
objectives and an outline of the dissertation. 
To justify the choice of chemical approaches and processing routes discussed in this thesis, Chapter 
2 presents the background literature on the general processing and application of polyurethane 
nanocomposites; an overview on the structure, types and isolation methods of cellulose 
nanocrystals; and a comprehensive literature review of TPU/CNC nanocomposites. 
Chapter 3 focuses on the research methodology of the project. In particular, the source of the 
materials and chemicals used will be explained in detail. The complete methodology for the 
isolation of cellulose nanocrystals and fabrication of TPU nanocomposites will also be discussed in 
this chapter. In addition, the methods for sample preparation and characterisation are described.  
Chapter 4 presents the method for the isolation of cellulose nanocrystals with enhanced thermal 
stability using acid hydrolysis, but using mild acid either alone or in combination with strong acids. 
The purpose of this method is to optimise the processing conditions for producing good thermal 
stability of CNCs and to substantially reduce the consumption of acids and time for the hydrolysis 
process.  
Further study on the isolation of CNC for large scale production using a clean and green method is 
dealt with in Chapter 5. This chapter discusses the potential use of high energy bead milling to 
deconstruct microcrystalline cellulose (MCC) to nanocellulose as an alternative and scalable 
method to produce CNC with enhanced thermal stability, retained crystallinity and in appreciable 
production yields.  
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Chapter 6 focuses on the processing of TPU/CNC nanocomposites using the melt compounding 
method at an intermediate scale. This includes a consideration of the direct incorporation of CNC of 
various degree of thermal stability (produced using the different approaches presented in Chapters 4 
and 5), into the TPU (Texin990). The enhancement of their properties is also considered. Further, a 
comparison is made with TPU/CNC nanocomposites fabricated using a conventional solvent 
casting method.  
Chapter 7 demonstrates the large scale processability of TPU/CNC nanocomposites. The work 
presented in this chapter focuses on the acid-free in situ deconstruction of CNC from commercially 
available MCC and then the organic-solvent free incorporation of CNC in polyol and the 
subsequent polymerisation of TPU using the reactive extrusion method. 
Chapter 8 describes the processing of TPU/CNC nanocomposites using reactive extrusion with 
nanocellulose of different dimensions. In this study, a unique nanocellulose was extracted from 
Spinifex Triodia pungens and incorporated in the polyol prior to the reactive extrusion (as in 
Chapter 7). The reinforcement potential of this type of nanocellulose is also demonstrated. 
Finally, Chapter 9 presents the key findings of this research project and makes recommendations 
for further studies regarding potential applications. 
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Chapter 2 Literature Review 
2.1 Thermoplastic polyurethanes (TPU)  
Thermoplastic polyurethanes (TPU) are a unique category of plastics developed in 1937 as versatile 
polymers which are soft and processable when heated, hard when cooled and capable of being 
reprocessed multiple times without losing structural integrity. They have been used either as 
malleable engineering plastics or as replacements for hard natural rubber. Since TPUs offer the 
same mechanical properties as rubber and can be processed as thermoplastics, they also have been 
described as “bridging the gap between rubber and plastics” by the Alliance for the polyurethane 
industry. Other important attributes include their ability to resist oil, grease, solvents, chemicals and 
abrasion.1 Hence, TPUs have been used for various applications such as medical devices, 2 
coatings, 3 4 automotive parts, cable insulation as well as toughening additives.5 TPUs are multi-
phase block copolymers that are obtained via classical chemical reactions between three basic 
components, polyols, diisocyanates and chain extenders. Figure 2.1 illustrates the typical chemical 
structure and the resulting morphology of a TPU made up of linear primary chains composed of 
alternating hard and soft segments connected end-to-end through strong, covalent urethane 
linkages.6  
 
Figure 2.1. (a) General chemical structure and (b) morphology of thermoplastic polyurethane 
(TPU). 
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In TPU copolymers, hard segments which comprise alternating diisocyanate and short diol chain 
extender residues are responsible for imparting the stiffness and toughness to the material, while 
soft segments (polyols) impart the resilience, extensibility and flexibility.7 In the hard segments, 
both aliphatic and aromatic diisocyanates can be used during the synthesis of TPUs. Aliphatic 
isocyanates, such as hexamethylene diisocyanates (HDI), are commonly used for PU applications as 
they display good biocompatibility and have the ability to degrade into non-toxic decomposition 
products.8 Aromatic isocyanates used in TPU production include methylene diphenyl diisocyanates 
(MDI) and toluene diisocyanates (TDI). MDI is often preferred because of its symmetric structure 
and therefore potential to phase separate into reasonably stable crystalline or paracrystalline 
domains at a lower temperature.9, 10 The common polyols used are polyether and polyester polyols. 
About 90% of commercial polyurethane elastomers are polyether–based products due to their very 
good oxidative and hydrolytic stability, high tensile and tear strength, good abrasion resistance, ease 
of fabrication and low cost.11 The most common chain extender used in polyurethane synthesis is 1, 
4-butanediol (BDO).12 BDO is able to confer superior tensile strength and rebound elasticity to the 
TPU matrix in the appropriate combination of isocyanates and polyol groups.13 
 
Generally, polyurethanes are synthesised in the laboratory or small batch production runs using two 
approaches, namely, the prepolymer method and the ‘one-shot’ method.14 In the prepolymer 
approach, isocyanates terminated ‘prepolymer’ will first be synthesised by reacting excess 
diisocyanates with the polyol and then a chain extension of  the prepolymer will be performed 
through a reaction with a short organic diol to obtain a high molecular weight PU. By adjusting the 
pre-polymerisation conditions, it is possible to synthesise TPU with the range of desired properties. 
In the second approach, the ‘one-shot’ method, the polymerisation occurs by mixing all the 
reactants (diisocyanate, polyol, and chain extender) together in the desired stoichiometric ratio.9 
Usually, this method is preferred when the use of any solvents is restricted. Sometimes, this method 
is limited as the precise control of the chain structure is difficult. 12 At large commercial scale the 
major TPU producers such as Lubrizol, Bayer Materials Science and BASF employ reactive 
extrusion. In this process temperature-controlled tanks of ultra-dry polyol, diisocyanate and chain 
extender are accurately metred into a twin screw extruder where the conditions of heat and shear 
can be carefully controlled to produce high quality TPU extrudates at high speed. One of the 
primary advantages of this process is the ease of incorporating micro or nano fillers, as will be 
exemplified in Chapter 8. 
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2.2. Performance enhancement by reinforcement of nanofillers 
There are two main methods used to tailor the desired physical, mechanical and thermal properties 
of TPU. The first relies on the variation in the soft and hard segments by formulating different 
isocyanate/polyol ratios and altering the composition of the chain extender. Via this method, the 
phase separation strongly influences the resultant properties. The second method is based on 
classical reinforcement of TPU by incorporating different fillers at both micro- and/or nanoscale-
levels.7 A similarity between the reinforcing action of externally incorporated fillers in general 
purpose rubbers and the function of the rigid segments within polyurethanes has been highlighted, 
indicating that TPU can be regarded as self-reinforcing polymers.15 However, by incorporating 
fillers it has been found that it is possible to further extend the typical property profiles of 
polyurethanes. For instance, the use of nickel zinc ferrite16 was found to improve dielectric and 
magnetic properties. The (micro to nanoscale) particles of calcium carbonate,17 aluminum 
hydroxide,18 kaolin,19 titanium dioxide,19 zinc oxide,20 silica,21 carbon22 and cellulose were 
reported to improve mechanical properties and similarly metallic fillers23 to improve acoustic 
properties. Due to their high surface area for interactions, stress transfer and very high individual 
mechanical properties, nanoscale fillers have been recently explored for polymer reinforcement. 
They can be obtained in different types and shapes, for instance, nanoparticles, nanofibres, 
nanotubes, fullerenes, and nanowires based on their physical dimensions and geometry as illustrated 
in Figure 2.2.24 
 
 
Figure 2.2 Different types of nanoscale particles for polymer reinforcement. Reproduction of  
image from25 with permission from Elsevier. 
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Of the many nanoscale fillers, the most commonly used in TPU nanocomposites are carbon and 
clay. Carbon nanomaterials can be produced on a commercial scale and obtained from the market in 
different morphologies such as graphene/graphite nano-platelets (GNP), carbon nanofibres (CNF) 
and carbon nanotubes (CNT). Carbon nanomaterials are favoured for their unique mechanical 
properties, superior thermal conductivity and relatively low density.26, 27 This has been 
demonstrated by a few researchers who, by using low volume fractions (0.5 – 10 wt. %), managed 
to increase the conductivity properties of the TPU matrix and significantly improved the mechanical 
properties as well.28-32  
 
Apart from carbon, clay is also one of the most common nanofillers used to reinforce the polymer 
matrix. By reinforcing polymers with clay minerals such as 2:1 layered silicates, different 
morphologies of polymer/clay nanocomposites can be produced, as illustrated in Figure 2.3. These 
clays can be combined with substances of a dissimilar type, such as neutral, cationic, anionic 
organic molecules or biological molecules, to form materials with novel functions. Due to this 
attribute, clay has received much attention from the scientific and technological communities for 
use in the fabrication of polymer nanocomposites. Clays are able to improve mechanical, thermal, 
barrier and flame-retardant properties and are viewed as promising fillers in materials destined for 
the automotive, aerospace and packaging industries.33 
 
Various types of clay have been used to reinforce TPU polymers, including montmorillonite, 
sepiolite and rectorite.34-36 Since clay is an organophilic filler, it has always been modified with 
different surfactants or coupling agents before its incorporation with TPU. It has been claimed that 
TPU has a good affinity for the polar surface of silicate layers which may assist clay dispersion at 
different levels from immiscible to intercalated and exfoliated morphologies as illustrated in Figure 
2.3(b). This has been found to significantly contribute to the improvement of properties 
(mechanical, gas barrier, thermal etc.) in TPU nanocomposites.34, 37  
 
In a nutshell, by incorporating nanofillers into TPU, it is possible to reduce the cost of production, 
increase the tensile strength and the stiffness of a material depending on processing methods. The 
increases in stiffness for conventional TPU composites are typically associated with compromising 
the elastic properties (reduced elongation, resilience and toughness) and optical properties 
(discoloration or opacity).39, 40 
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Figure 2.3. Schematic diagram of a) clay structure and b) nanoclay dispersion in a polymer matrix. 
Reproduction of image from38 with permission from SAGE publications. 
 
The key issues associated with the incorporation of the inorganic nanofillers are the discoloration or 
compromise in the appearance of the polymer composites41 (black in the case of carbon nanotubes, 
and an earthy taint in the case of natural layered silicates) and poor processability at low cost. There 
has been growing concern about the environmental impact and economy of fossil feedstock and 
demand for products made from renewable and sustainable resources. Since the last decade, 
nanoscale particles from renewable resources have been sought as sustainable nanofillers for 
reinforcing polymers.  
 
2.3 Cellulose nanocrystals – A sustainable nanomaterial 
Cellulose which is a polysaccharide is the most abundant polymer in nature, representing the main 
structural component of plants. Cellulose can be found in the cell walls of plants, particularly in the 
stalks, stems, trunks and all woody portions.42 In 1838, cellulose was first discovered and extracted 
by Anselme Payen.43 Since then, extensive studies of its physical and chemical properties have been 
undertaken. Cellulose is a linear chain of ringed glucose molecules and the repeat unit consists of 
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two anhydroglucose rings (C6H10O5)n where n = 10 000 to 15 000 depending on the cellulose 
source (Figure 2.4.). 
 
Linear syndiotactic homopolymer of anhydroglucose are formed via β-(1→4) glycosidic linkage.44, 
45 Due to the inter- and intra-molecular hydrogen bonding and the linearity of the chains, they form 
well packed and highly crystalline fibrillar structure at the nanoscale level in the native biomass.46 
A natural form of cellulose, cellulose-I, has a crystal structure consisting of two types of 
polymorph, cellulose Iα and Iβ, which vary in proportions depending on the source. 47, 48 Cellulose 
Iα can be found predominantly in bacteria49 and algae50, whereas Iβ dominates in marine 
invertebrates (tunicates) and plant cell walls.51 As illustrated in Figure 2.4, cellulose consists of 
regions that are highly ordered (crystalline - as fibrillar bundles, nanofibrils, nanocrystallites) and 
regions that are more disordered nano-domains (amorphous). 45, 52, 53 The portion of crystalline 
domains in the cellulose varies from 65 to 95 % depending on the source. 54 
 
These crystalline structures at nanoscale level in the native fibres possess very good mechanical 
properties and exhibit transparency. By deconstructing microfibres to the nanoscale, the different 
types of nanoparticles can be produced. Based on their dimensions, they can be classified as rod-
like cellulose nanocrystals (CNC), which were previously known as whiskers and as filament-like 
nanofibres, (CNF), also called micro-/nano-fibrillated cellulose (MFC /NFC).  
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Figure 2.4. Schematic diagram of cellulose structure and cellulose microfibrils. Image reproduced 
from 55 with permission from Elsevier. 
 
The rigid-rod like CNC can be typically extracted from plants like jute, cotton, ramie, and wood, 
and also from biomass residues such as agricultural crops. In addition, they also can be produced by 
bacteria and, in rare cases, found in sea creatures like tunicates.56 The first colloidal suspension of 
cellulose was isolated in the 1950’s via sulphuric acid-catalysed degradation of cellulose fibres.57, 58 
Later, Marchessault et al.59 found that a colloidal suspension of CNC took the form of a nematic 
liquid crystalline alignment after optimisation using an acid hydrolysis process, and the dried 
suspension exhibited aggregates of needle-shaped particles.  
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Recent findings have proposed CNC to be among the most promising new nanoscale building 
blocks for next generation biomaterials and engineering applications due to their renewable origins, 
combined with low toxicity and unique physical properties.  
 
2.3.1 Isolation of cellulose nanocrystal (CNC) 
The isolation of cellulose nanocrystals from any lignocellulosic source or marine animals involves 
two steps. The first is to purify the source by regular pulping pre-treatments, and mechanical 
grinding and refining. In the pre-treatments for wood and plants, the removal of matrix materials 
like hemicellulose and lignin, completely or partially, is undertaken to obtain a pure form of 
cellulose. The second step is to isolate or liberate the crystalline domains as particles from the 
“purified” cellulose materials. This process can be performed in three different ways, namely, 
chemical/biological (for instance acid hydrolysis and enzymatic treatments), or mechanical 
treatment (such as ultrasonication,60 homogenisation,85, 86 refining, grinding, milling, and 
cryocrushing 61) or the combination of these methods. 
 
The most commonly reported method is acid hydrolysis using sulphuric acid, as the highly 
crystalline, rigid rod-like CNC are obtained in high production yield, which makes them suitable for 
polymer reinforcement applications. This method introduces sulphate charges on the surface of 
CNC and prevents agglomeration, thus promoting good dispersion in water.62 A typical acid process 
involves acid hydrolysis reaction at controlled conditions (of time, temperature and concentration), 
centrifugation, dialysis process, ultrasonication and freeze drying of the suspension.63 In this 
process, amorphous and paracrystalline regions are preferentially hydrolysed. The crystalline parts 
of the cellulose, which have a higher resistance to acid attack, remain undamaged.53, 64 Similarly, 
acid hydrolysis using hydrochloric acid can generate a similarly shaped CNC as achieved using 
sulphuric acid, but its dispersibility is a limitation as the suspension tends to flocculate.65 Other 
types of acids, for instance phosphoric,66 formic,67 and hydrobromic68 acids, have also been used to 
isolate the CNC. However, the use of acid in the extraction process has disadvantages, such as 
corrosivity and environmental hazards associated with a high energy demand, and can cause 
cellulose degradation.60 
 
A range of CNC with different dimensions (aspect ratios) and morphology could be obtained 
depending on the source and the isolation methods used, as displayed in Table 2.1. The common 
cellulose source used to isolate the CNC, especially at the laboratory scale, is cotton, due to its high 
cellulose content.69 
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Table 2.1 Overview of the isolation method and the dimension of CNC obtained from different 
sources.  
Source of Cellulose Isolation method Dimensions Reference 
L (nm) w (nm) 
Wood pulp Acid hydrolysis 100-300 3-5 70, 71 
Enzymatic hydrolysis 100-1800 30-80 72 
Chemical-mechanical 65 15 73 
Cotton Acid hydrolysis 70-160 15 74, 75 
Microbial hydrolysis 120 40 76 
Tunicates Acid hydrolysis 1000-10000 3-20 77-79 
Bacteria Acid hydrolysis 250-1000 16-54 80, 81 
Enzymatic hydrolysis 100-300 10-15 82 
Agriculture crops 
(coconut husk fibres, 
rice straw, banana 
stem etc.) 
Acid hydrolysis 177-200 5-7 83-86 
Chemical-mechanical - 5-40 87 
Mechanical - 3.5-60 88 
 
Furthermore, various shapes of CNC can be produced, such as rods and spheres.89, 90 
2.3.2 CNC as potential reinforcing fillers  
 
Early-stage developments on the polymer nanocomposites with cellulose nanocrystals and 
nanofibres have shown dramatic improvements in the mechanical properties of nanocomposites.91 
For the last 15 years, nanocellulose has been studied as a reinforcing element in nanocomposites.54 
One of the most desirable features of CNC is the hydroxyl groups on the surface of the 
nanocrystals. The abundance of OH groups favours the formation of hydrogen bonding, causing the 
cellulose chains to assemble into highly ordered structures. These reactive hydroxyl groups will 
interact with the functional groups of other molecules, and are valuable for tailoring the functional 
properties of CNC.92, 93 Moreover, the physical properties of CNC are superior to other engineering 
materials (Table 2.2) and, indeed, these features represent compelling criteria as advanced 
reinforcing or functional fillers for polymer nanocomposites. CNC also have a lower density with a 
high modulus.94  
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Table 2.2 Properties of various materials compared to cellulose. 
Type of material Modulus (GPa) Specific modulus 
(GPa cm3/g) 
Density 
(g/cm3) 
References 
Aluminium 62 23 2.7 95, 96 
Steel 200 25 7.8 96, 97 
Glass Fibre 73 28 2.6 98 
Cellulose 
nanocrystals 
110-220 138 1.6 45 
  
A good aspect ratio (length/diameter) value also contributes to its reinforcing abilities which enable 
a critical length for stress transfer from the matrix to the reinforcing phase.99 Furthermore, CNC are 
biologically renewable, sustainable, low cost, combustible, non-toxic and have biodegradable 
properties.100 CNC was also used as a reinforcing filler for the composite in many other applications 
like barrier films, transparent films, flexible displays, biomedical implants, separation membranes, 
supercapacitors and templates for electronic components.45 Many researchers have demonstrated 
the potential of CNC by incorporating it into various polymer matrices (polypropylene,101 
polyethylene,102 polyvinyl alcohol,103, 104 poly(lactic acid)105, 106). The nanocomposites obtained 
demonstrated improvements in mechanical properties. In particular, CNC also display an 
outstanding potential in for increasing the composite material properties at low concentrations.107 
CNC is also unique in their capacity to maintain the transparency of the host material.108-110 
 
2.4 Cellulose reinforced polymer nanocomposites 
2.4.1 Processing of cellulose reinforced polymer nanocomposites  
The successful processing of polymer nanocomposites depends heavily on the chemical, physical 
and thermal properties of the polymer matrices, polymer-filler interactions and the processing 
methods. Nanocomposites with cellulose nanocrystals (CNC) can be processed via four different 
pathways as illustrated in Figure 2.5.111 The first and most common is the ‘solution method’ or 
‘solvent casting method’ in which CNC is first dispersed in a solvent in which the host polymer is 
also soluble or dispersible in latex form, followed by casting and drying (evaporation of solvent).54, 
112-115 However, this method has disadvantages with respect to production speed, production costs 
and film quality (CNC tends to re-aggregate).116 
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In the second, ‘in-situ polymerisation’, CNC is dispersed well in the monomers (with or without the 
use of solvent) and subsequently polymerised/cured further to obtain the nanocomposites.117-119 The 
presence of cellulose in the pre-polymerisation state of TPU encourages a chemical bonding with 
the polymer matrices.120 Cao et al.121 prepared waterborne polyurethane with nanocellulose via an 
in-situ polymerisation method and managed to obtain a significant improvement in overall stiffness 
and strength. Despite the improvement in mechanical properties, it was found that the nanofiller 
could negatively impact upon on the polymer molecular weight and crosslink density, thereby 
offsetting the potential benefits from the addition of nanofillers.122 
 
The third method is based on a solvent exchange sol-gel process, where a template of CNC through 
percolating network is first formed from a homogeneous dispersion of CNC by successive solvent 
exchange with the solvent in which CNC are not dispersible and the polymer/monomer is then 
imbibed into it.123-125 This method is commonly used with the purpose of reducing the surface 
energy of nanofillers, thus improving their dispersibility/compatibility with non-polar media.126, 127 
It is versatile and becomes very important for achieving a high level of dispersion (even in 
hydrophobic polymers) and transport properties where the percolating network of CNC plays a vital 
role. However, solvent exchange is a relatively slow processing method and requires a large energy 
recovery expenditure in order to recover the solvents.128 Furthermore, it is not an environmentally 
friendly method.129 
 
The fourth  method is a conventional ‘melt blending’ method where CNC can be melt blended with 
any polymer whose softening or melting temperature is below the degradation temperature of the 
CNC used. To alleviate the poor dispersion, surfactants or compatibilisers are very often used, 
especially with most common non-polar, hydrophobic polymer matrices.130-132 This method is 
preferred by the industry as it is economically viable and environmentally friendly (almost zero 
usage of solvents). The melt compounding method simplifies TPU fabrication compared with other 
methods, which are complex and time consuming. Despite the remarkable improvements in the 
field of cellulose reinforced polymer nanocomposites, the transition from laboratory to widespread 
application can be achieved only through industrial scale production at a favourable 
cost/performance ratio.  
 
Chapter 2 
18 
 
 
Figure 2.5 General schematic diagram of processing of TPU nanocomposites. 
 
In reactive extrusion, an extruder is used as a chemical reactor for the polyurethane synthesis or 
polymerisation process. The main advantages of the reactive extrusion method, are that it is a 
continuous process, has a large heat transfer area and it is economic, as devolitilisation of the 
reaction product in the extruder makes it possible to recycle unreacted components. However, 
instabilities during polymerisation due to large viscosity changes may result in very low conversion 
or fluctuating throughput. Furthermore, as the extruder is acting as a reactor, it is desirable for the 
residence time of the reaction to be short, though inadequate residence time will negatively impact 
upon the reaction conversion.133 Nonetheless, it can be considered as one of the best methods for the 
production of TPU/CNC nanocomposites on a large scale due to their low environmental impact 
and processing time. No studies related to CNC via reactive extrusion have yet been undertaken. 
However, other studies using polyurethane and prepared via reactive extrusion have demonstrated 
the benefits of this method. For instance, Cai et al.134 reported the production of TPU via reactive 
extrusion reinforced with nanoclay. The TPU nanocomposite obtained displayed an increase in 
tensile strength of 25% and showed good nanoclay dispersion in the TPU matrix. A study by Imre 
et al.135 of poly(lactic acid)/polyurethane blends prepared by reactive extrusion also showed 
favourable results, supporting the notion that reactive extrusion is a convenient, cost-effective and 
environmentally friendly method for achieving blends with improved properties. 
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2.4.2 Cellulose nanocrystal reinforced thermoplastic polyurethane nanocomposites 
Wu et al.136 reported that polyurethane (PU) nanocomposites reinforced with microcrystalline 
cellulose (MCC) particles were prepared via in-situ solution polymerisation. This study 
demonstrated that significant improvements in stiffness, strain-to-failure, and strength are possible 
with the assistance of “pre-swelling” in a DMF solvent combined with two-step solution 
polymerisation. For example, at an optimum concentration (5 wt. %) of MCC, the tensile strength 
was improved three-fold, albeit from a very modest baseline, from 8 MPa to 24 MPa, whereas the 
‘conventional’ solution polymerised cellulose composite failed to significantly improve tensile 
strength (8 MPa to 9 MPa), but still resulted in significant stiffening.136 These contrast results were 
attributed to the differences in solution processing affecting the degree of in-situ defibrillation of 
MCC (bundles) into nanofibres and, in turn, enhanced the stress transfer because of the nano-scale 
reinforcement.  
 
In another study, nanocomposites using rod-like or elongated rice-like CNC were prepared by 
dispersing them in a waterborne polyurethane host polymer,137 or dispersing the organogel of CNC 
in a thermoplastic polyurethane solution.138 These nanocomposites demonstrated remarkable 
improvements in stiffness, for example the nanocomposites via waterborne methods showed an 
improvement in the Young modulus from 0.5 to 344 MPa with 0-30 wt.% CNC, whereas, the 
organogel based TPU/CNC nanocomposites showed an improvement in tensile storage modulus 
from 14 to 1076 MPa with high loadings of 2 – 20 % v/v of CNC. However, they failed to 
demonstrate improvements in tensile strength, due to the high loading of nanoparticles that sacrifice 
the rubbery properties of TPU materials. An analysis performed by Marcovich et al.139 on 
nanocellulose reinforced polyurethane suggested that percolation occurs at 1 wt.%  of CNC loading. 
Above that volume fraction, well-dispersed nanocrystals can touch each other and form large 
percolating structures of H-bonded “rods”, which can be easily destroyed by shearing the sample 
outside the analysed linear viscoelastic range.140 With high aspect ratio (> 100) filament-like 
cellulose nanofibrils, the nanocomposites were usually developed by compression moulding of the 
stacks comprising polyurethane films and mats of cellulose nanofibrils.141-143 They have also shown 
improvement in the stiffness of nanocomposites. Table 2.3 presents a summary of significant 
research using CNC as reinforcing filler in a polyurethane matrix. 
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Table 2.3 Polyurethane nanocomposites reinforced with CNC. 
Type of polyurethane Key Findings References 
Polyurethane  Improvement of mechanical properties due to strong 
filler-matrix interaction between the crystals and the 
isocyanates component. 
144 
Addition (1-5 wt. %) of CNCs increased thermal 
degradation while maintaining mechanical properties 
of neat polyurethane. 
145 
Shape memory 
polyurethane 
At 1 wt. % of the CNC, the tensile modulus was 
increased around 53%. 
146 
waterborne 
polyurethane (WPU) 
Cellulose nanocrystals (0-30 wt. %) content in WPU 
matrix increased Young’s modulus and tensile strength 
from 0.5 to 344 MPa and 4.3 to 14.9 MPa respectively. 
147 
Tensile strength of resin-based WPU increased from 
28.2 to 52.3 MPa with increasing amount of CNCS (0-
20 wt. %).  
148 
Incorporation of 1 wt. % starch nanocrystals and 0.4 
wt. % cellulose nanocrystals resulted in a remarkable 
improvement in tensile strength (135%) and Young’s 
modulus (252%) while elongation at break remained 
the same compared to neat WPU matrix. 
149 
Polyurethane 
elastomer (PU) 
1 wt. % of cellulose nanocrystals reinforced in PU 
matrix able to achieve an 8-fold increase in tensile 
strength and 1.3-fold increase in strain-to-failure.  
150 
Bio-based 
polyurethane 
Castor oil-polyol based polyurethane reinforced by 
CNC’s increased tensile strength, modulus as well as 
the storage modulus shows filler worked effectively in 
the PU matrix. 
151 
Polyurethane foam 0.5 wt. % of cellulose nanocrystals increased tensile 
modulus of PU significantly. 
152 
CNC up to 5 wt. % reinforced into rigid polyurethane 
foam have shown significantly improved mechanical 
and thermal properties. 
153 
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In reading these particular studies some pragmatic questions must be posed: what is the point of 
turning a thermoplastic elastomer into a plastic, and would there be more utility in trying to 
engineer a TPU-nanocellulose nanocomposite with maximum strength, toughness, compliance and 
resilience? It appears that others are pursuing this objective. When the nanocomposites were 
prepared via in-situ polymerisation using a low concentration of CNC (1 % v/v), these 
nanocomposites achieved an eight-fold increase in tensile strength with only a small increase in the 
tensile modulus. This improvement indicates that at a low volume fraction, these low aspect ratio 
rod-like nanocrystals can enhance the stress transfer dramatically between polymer and filler 
particles due to the high interfacial surface area and a reduced number of complex agglomerates or 
bundles.154  
 
However, all of these studies rely on solvent-based, solvent exchange and in-situ polymerisation 
methods. The melt compounding process, which involves high processing temperatures, becomes 
less favourable for the fabrication of cellulose based TPU composites due to the low degradation 
temperature of cellulose. However, by considering industrial demand, the melt compounding 
process was the best method to produce a TPU/cellulose nanocomposite in order to achieve high 
scale production. For large scale production, wet processing methods are limited by the use of large 
amounts of solvents, causing environmental issues and greatly increasing the nanocomposite 
production-cost to unacceptable levels. 
2.5 Key limitations in industrial scale processing of TPU/CNC nanocomposites  
 
The TPU nanocomposites with rod-like CNC have to date been processed via i) dispersion of CNC 
or organogel of CNC in a TPU solution or waterborne polyurethane, ii) dispersion of 
microcrystalline cellulose (MCC) particles or CNC in solvent (N,N-dimethyl formamide) and 
monomers followed by in-situ polymerisation, subsequently by solvent evaporation. The main issue 
with the processing of TPU/CNC nanocomposites via a scalable manufacturing method are the 
thermal stability of CNC at elevated processing temperatures and the dispersibility in the polymer 
matrix. Usually the processing temperature of TPU is above 180 °C which is close to the onset 
degradation temperature of CNC obtained via acid hydrolysis.155 This behaviour is typically 
associated with sulphate groups as they can promote dehydration reactions and thereby decrease the 
thermal stability of cellulose. 155,156  
 
The limitation of dispersibility relates to the surface chemistry (hydrophilicity) of CNC, which 
affects the molten-processability and the interfacial interactions between the polymers and fillers.99 
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The strong hydrogen bonding between the fillers subsequently provides a strong tendency for 
aggregation and poor dispersion in the polymer matrix during solvent-free processing.123, 157 
Therefore, this work focuses on:  
• The isolation of the CNC with a higher thermal stability and good dispersibility;  
• The investigation on the processability of TPU/CNC nanocomposites via melt processing 
methods such as melt compounding and reactive extrusion.  
 
In addition, the possibilities for isolating CNC at a larger scale via mechanical methods are also 
being investigated in order to increase their commercial scale usage. It is noteworthy that to-date, 
there are no published reports which detail the melt processing (melt compounding and reactive 
extrusion) of TPU with CNC. 
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Chapter 3 Material and Methods 
3.1 Materials 
3.1.1 Cellulose 
In this work, two types of cellulose sources were used to isolate cellulose nanocrystals (CNC). The 
first was grade No.1 filter paper from Advantec. It consists of 100% alpha cotton cellulose. The 
second was microcrystalline cellulose (MCC). The MCC used was Avicel PH-101, a wood based 
cellulose purchased from FMC BioPolymer Corporation. 
The unique high aspect ratio nanocellulose derived from Spinifex grass, Triodia pungens, used in 
Chapter 8 was isolated from plants collected near Camooweal, North West Queensland, Australia. 
3.1.2 Chemicals 
In acid hydrolysis process, three types of acids were used. Sulphuric acid (98%) and ortho-
phosphoric acid (85%) from Merck meanwhile hydrochloric acid (32%) was purchased from Ajax 
Finechem Pty. Ltd. 
3.1.3 Polyurethane 
Fabrication of Polyurethane nanocomposites for melt processing and solvent casting was performed 
using a commercial TPU Texin 990 host polymer, which was purchased from Bayer. Texin 990 is 
an aromatic polyether-based TPU and is very much a “workhorse grade” that is sold in very large 
quantities. The chemical structure of this TPU is illustrated in Figure 3.1. This TPU has an 
approximate shore hardness of 90A.  
Figure 3.1 Chemical structure of TPU, supplied by Bayer 
TPU fabrication via REX is made of 4,4’-methylene diphenyl diisocyanate (MDI) and 1,4- 
butanediol (BDO) as the hard segment and 1000 g/mol poly (tetramethylene ether glycol) (PTMEG) 
as the soft segment. The stoichiometric ratio and amount of cellulose were varied throughout all 
nanocomposite fabrication.The average molecular weights for both TPU have been determined and 
are presented in Chapters 6, 7 and 8. 
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3.2 Preparation 
3.2.1 Isolation of cellulose nanocrystals via acid hydrolysis 
These methods are employed in Chapter 4 to prepare the numerous nanocellulose variants. 
3.2.1.1 Single acid system 
The isolation process using sulphuric acid was adapted from Capadona et al. 20071 with some 
modifications. The solid to liquid ratio for this isolation process was 1:75. Filter paper was blended 
with deionised water. The sulphuric acid was added slowly under vigorous mechanical stirring to 
the cooled filter paper until the final solution reached an acid concentration of 32%. Since the acid 
hydrolysis process is exothermic, while adding acid, ice bath is used to keep the temperature below 
20 °C. After the acid addition is complete the reaction is set at 50 °C or higher for a stipulated time. 
The mixture was then heated to 50°C for 3.5 hours. The cellulose suspension was cooled to room 
temperature and was subsequently centrifuged four to five times at 4750 rpm until it became turbid. 
The cellulose suspension was then dialysed (dialysis tubing with MW cut-off = 14000) against 
deionised water until the suspension reached the neutral state (pH ~7). Then the cellulose 
suspension was ultrasonicated using high intensity ultrasonication (QSonica ultrasonicator) for 30 
minutes at an output of 500 W, a frequency of 20 kHz, and 20% amplitude. Finally, the cellulose 
suspension was lyophilised using liquid nitrogen and was vacuum freeze dried.  
Meanwhile, the extraction of CNC using phosphoric acid hydrolysis was undertaken using the 
procedure of Camarero Espinosa et al. 20132. The solid to liquid ratio for this isolation process was 
1:185. Filter paper was added to deionised water. Phosphoric acid was added slowly until an acid 
concentration of 62% was reached. The mixture was heated for 1.5 hours at a temperature of 100°C. 
The following processes were similar to that used in the sulphuric acid hydrolysis process. The 
phosphoric acid hydrolysis using MCC was performed using a similar procedure, except that the 
solid to liquid ratio was reduced to 1:75 and the hydrolysis process temperature was reduced to 
50°C for a period of 1 h. 
In the optimisation of the isolation process via phosphoric acid with MCC, the solid to liquid ratio 
was 1:77. A similar procedure for the isolation of CNC using filter paper was used with variations 
in the time (30 and 60 min) and the temperature (30 and 70°C) of the reaction. 
 
3.2.1.2 Mixed acid system 
In this description, the combination of phosphoric acid (H3PO4) and sulphuric acid (H2SO4) was 
used as an example. The solid to liquid ratio for this system was 1:75. A weight of 5.2 g of MCC 
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was dispersed in deionised water (200 ml). Firstly, H3PO4 (150 ml) was added slowly and the 
reaction occurred at a temperature of 50°C for 1.5 h. Subsequently, H2SO4 (40 ml) was added 
slowly and the reaction occurred at the same temperature for 1 hour. The cellulose suspension was 
then cooled to room temperature and followed by centrifugation, dialysis, ultrasonication and freeze 
dried processes (These conditions applied for every process, as stated in 3.2.1.1). 
 
3.2.2 Isolation of cellulose nanocrystals via mechanical methods 
This procedure was employed in Chapter 5. 
3.2.2. 1 Isolation via ultrasonication 
5g of MCC was dispersed in 500 ml deionised water overnight. The cellulose suspension was 
ultrasonicated using high intensity ultrasonication (QSonica ultrasonicator) for 50 minutes at an 
output of 500 W, a frequency of 20 kHz, and 20% amplitude. After the ultrasonication process, the 
dispersion was stirred for one hour and was then left to stand undisturbed for 1 day. Two layers 
were obtained. The top layer was decanted and subsequently freeze dried. 
 
3.2.2.2 High energy bead milling of microcrystalline cellulose 
This method was adapted from Amin et al.3 Various concentrations of MCC were dispersed in 
deionised water overnight. Then the dispersion was milled using a laboratory agitator bead mill 
(Labstar, Netzsch, Germany). Using various milling times, 0.4 mm of zirconium beads were used to 
mill the cellulose dispersion at 1000 rpm in a batch process mode. Finally, the resulting suspensions 
obtained were freeze dried.  
 
3.2.3 Preparation of thermoplastic polyurethane nanocomposites 
3.2.3.1 Solvent Casting 
TPU resin and CNC were individually dissolved in dimethylformamide (DMF). 0.5 wt. % of CNC 
in TPU was prepared by mixing the desired amounts of CNC and TPU solution in DMF. The 
mixture was stirred vigorously for 1 hour at room temperature. The mixture was then sonicated for 
2 minutes at 20 kHz. Subsequently, further stirring was undertaken after the sonication process and 
immediately cast onto a Teflon petri dish. The films were dried under nitrogen purged for 24 hours 
and subsequently annealed in a vacuum condition at 80°C for 12 hours. This method was used in 
Chapter 6. 
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3.2.3.2 Melt Compounding 
Initially CNC and PU resin were mixed physically. PU and cellulose was melt compounded with a 
ThermoHaake twin screw extruder (Figure 3.2). The barrel temperature used was between 175 and 
225°C (see Table 3.1) and a screw speed of 120 rpm was employed to extrude the material. The 
extrudates were pelletised and dried overnight at 70°C before being compression moulded. The 
samples were compressed using a water-cooled hydraulic press at 175 -180°C for 1 minute and then 
cooled to room temperature using a controlled water flow. The samples were pressed using brass 
plates with 1 mm machined rectangular cavities. To prevent the polymer from sticking to the plates, 
glass fibre reinforced Teflon sheets were placed between extrudates and the plates. Subsequently, 
the samples were annealed under vacuum conditions at 80°C for 12 hours. This method was 
employed in Chapter 6. 
 
Figure 3.2 Schematic diagram of ThermoHaake twin screw extruder 
Table 3.1 Temperature profile of different zones of an extruder used for processing TPU 
nanocomposites.  
Barrel 
Zone 
1 2 3 4 5 6 7 8 9 10 
Temperature 
(°C) 
225 220 220 205 195 195 190 190 190 175 
 
3.2.3.3 Reactive extrusion 
The reactive extrusion process is shown schematically in Figure 3.3. The extruder was divided into 
10 barrel zones, a die adapter zone and a die block zone. The first barrel zone was not electrically 
heated but was cooled with water. Another nine barrel zones were electrically heated with cartridge 
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heaters, and the temperature was controlled with water-circulation through channels in the barrel. 
The die consisted of three circular openings of 3 mm diameter. The reactions were carried out in a 
small-scale Entek Emax twin-screw co-rotating intermeshing extruder (via Entek, Lebanon, 
Pennsylvania, United States) with a screw diameter of 27 mm and a length to diameter ratio (L/D) 
of 40:1.  
 
Figure 3.3 Schematic diagram of reactive extrusion 
Figure 3.4 shows that the screw profile used for processing TPU consists of a twin flight feed screw 
for a length of 90 mm, 30° kneading blocks for a length of 90 mm, a twin flight screw with a 
smaller pitch for a length of 120 mm, 30° kneading blocks for a length of 90 mm, a twin flight feed 
screw with a wider pitch for a length of 90 mm and then a smaller pitch for a length of 75 mm. 
 
 
Figure 3.4 Screw profile used for TPU and TPU nanocomposites in the 40:1 L/D ratio twin-screw 
extruder 
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The feeding rate for MDI, polyol nanodispersion and BDO were calculated by the hard segment 
ratio of 0.44. The temperature profile in the REX process is between 130°C and 185°C as shown in 
Table 3.2. The throughput rate was 3.2 kg/hr with a screw speed of 90 rpm. The polyol rate was 
adjusted after cellulose addition, to compensate for the mass of CNC, to 1812.5 g/hr. Flow rates 
used also changed prior to the stoichiometry ratio of the polyurethane reaction. The mixture of 
PTMEG, MDI, and BDO was fed directly to the extruder’s main hopper using gear pumps and 50 
ppm of dibutylin dilaurate (DBTDL) catalyst was added to the PTMEG tank prior to the reactive 
extrusion experiments. Each reagent line was fitted with a Bronkhorst Coriolis mass flow meter, 
allowing very precise flow rate readings and facilitating fine flow adjustments on each of the gear 
pumps. This enabled unparalleled control of ultimate TPU and nanocomposite compositions. At the 
end of the line, a water bath was used to cool the final product. Then the extrudates were pelletised 
and dried in a vacuum condition at 70°C. TPU composite films were obtained using compression 
moulding similar to the steps mentioned in the melt processing method as well as the annealing 
process. This method was employed for the processes described in Chapters 7 and 8. 
Table 3.2 Temperature profile of different zones of an extruder used to process TPU and its 
nanocomposites.  
Zones 
Barrel zones Die 
adapt
-or 
11 
Die 
block 
 
12 1 2 3 4 5 6 7 8 9 10 
Temp. 
for TPU 
Control 
(°C) 
130 190 185 185 185 185 185 180 185 180 175 180 
Temp. 
for 
Nanoco-
mpo-
sites (°C) 
130 190 185 185 185 185 185 180 185 180 180 185 
 
3.3 Characterisation 
3.3.1. Transmission electron microscopy 
Transmission electron microscopy (TEM) was employed to investigate the structure and the 
aspect ratio of the CNC. CNC were suspended in deionised water at a concentration of 0.08 
mg/ml and the suspension was sonicated for 1 hour. Two microlitres of the suspension was 
spotted onto a copper-palladium TEM grid. After drying, the grids were stained with 2% 
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aqueous uranyl acetate and analysed in a JEOL 1011 TEM (JEOL, Japan) at 100 kV, with 
images being captured on a IS Morada 4K CCD camera system. TEM was employed in 
Chapters 4,5,6,7 and 8 to observe the morphology of CNC.  
 
Polyol dispersion morphology utilised the following procedure, as employed in Chapter 7. 
Small amounts of polyol nanocomposite samples were mounted onto cryopins and placed in the 
chuck of a Leica UCF6 ultracryomicrotome chilled to -80˚C (Leica Microsystems, Wetzlar, 
Germany). At this temperature, a rectangular block face was cut using a diatome diamond trimming 
knife (Diatome, Nidau, Switzerland). The chamber was subsequently chilled to -100˚C and 
approximately 80-100nm sections were cut using a diatome cryoimmuno cutting knife. Sections 
were collected directly onto formvar coated copper palladium TEM grids and then thawed to room 
temperature. Approximately 0.3 µl of 2% aqueous uranyl acetate (UA) was spotted directly onto the 
sections while being viewed under a dissecting microscope and incubated for 5-10 minutes. The UA 
was then removed using paper points. The section was similarly washed once with water and 
allowed to dry prior to viewing in a JEOL 1011 transmission electron microscope operating at 100 
kV. 
 
3.3.2. Thermogravimetric analysis  
Thermogravimetric analysis (TGA) measurements were carried out on a Mettler Toledo 
DSC/TGA Stare system using aluminium crucible standard 40 µl. The samples were heated 
in a nitrogen atmosphere. The samples were first heated from room temperature to 110°C, at 
a heating rate of 10°C/min, isothermally held for 10 min and further heated to 500°C at a 
heating rate 5°C/min. This characterisation was used in Chapters 4, 5 and 6. 
 
3.3.3. X-ray diffraction analysis 
X-ray diffraction (XRD) was generated at a 40 kV and a current of 40 mA. Samples were 
scanned at 2°/min in the range of 2θ = 1°-40° using a step size of 0.02°. Cellulose powders 
were lightly pressed and flattened to obtain a smooth surface prior to testing. The 
crystallinity index of CNC was determined by the XRD peak height method. The 
crystallinity index was calculated as in the following equation: 
 𝐼𝐼𝐶𝐶𝐶𝐶 = 𝐼𝐼002− 𝐼𝐼𝑎𝑎𝑎𝑎𝐼𝐼002  × 100                (1) 
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Where I002 is the maximum intensity of the peak corresponding to the plane having the 
miller indices of 002, and Iam as the minimal intensity of diffraction of the amorphous phase 
at 2θ = 18°.4 This analysis was performed in Chapter 4 and 5. 
3.3.4. Zeta potential  
The zeta (ζ) potentials of the CNC were measured at a concentration of 0.01 mg/ml with a Zetasizer 
analyser. This analysis was carried out to study the dispersion ability of CNC in solution (Chapters 
4 and 5). Deionised water was used as a dispersant. The ζ potential was calculated by using the 
Smoluchowski equation. The determination was carried out in Chapters 4 and 5. 
3.3.5. Gel permeation chromatography (GPC) 
GPC of TPU samples (Chapters 6, 7 and 8) was carried out to analyse the molecular weight (MW) 
distributions and polydispersity indices. TPU samples were dissolved in tetrahydrofuran (THF) to a 
concentration of 1 mg mL-1 and filtered through a 0.45 μm PTFE syringe filter. This analysis was 
done using a Waters 2695 separation module, fitted with a Waters 410 refractive index detector 
maintained at 36°C, a Waters 996 photodiode array detector, and two Ultrastyragel linear columns 
(7.8 x 300 mm) arranged in series. These columns were maintained at 40°C for all analyses and are 
capable of separating polymers in a molecular weight range of 500 to 3x106 Da with high 
resolution. All samples were eluted at a flow rate of 1.0 mL min-1. Calibration was performed using 
narrow MW polystyrene standards (MW range of 1200 to 2x106 and PDI of typically 1.03–1.06). 
The data were analysed using Empower Pro software, and molecular weights were calculated 
relative to the polystyrene standards.  
3.3.6. ICP-OES analysis 
ICP-OES analysis was used to determine the presence of the Zirconia element contained in 
CNC samples (Chapter 5). The analysis was performed to identify the presence of any metal 
elements in the sample, as Zirconia balls were used in the milling process.  
3.3.7. Elemental analysis 
Elemental analysis was carried out to analyse C, H and S elements in CNC samples (Chapter 4). 
The test was conducted using a Thermo Flash 2000 Elemental Analyser. For the CHNS column, He 
was used as the carrier and O2 was employed for the oxidation of the samples. A minimum 5 mg of 
CNC was put in the tin container and was run in duplicate.  
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3.3.8. Conductometric titration 
Conductometric titrations were carried out to determine the surface charge concentration of CNC in 
Chapter 4. 50 mg of CNC was dispersed in a mixture of hydrochloric acid (HCl) (10 ml, 0.01 M) 
and 25 ml deionised water. The mixture was then sonicated for 10 minutes in a horn sonicator. The 
dispersion was subsequently titrated with 0.01 M sodium hydroxide (NaOH). The concentration of 
sulphate (SO42-) and phosphate (PO43-) groups was calculated using Equation 22: 
 
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑆𝑆𝑆𝑆4−/𝑃𝑃𝑆𝑆4−
𝑘𝑘𝑘𝑘 𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚𝑐𝑐𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐 =  𝐶𝐶𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁∗ 𝑉𝑉𝑁𝑁𝑎𝑎𝑁𝑁𝑁𝑁𝑊𝑊𝐶𝐶𝑁𝑁𝐶𝐶 ∗  106                     (2)           
Where, CNaOH and VNaOH are the concentration (M) and volume (l) of NaOH used for the titration. 
Meanwhile WCNC is the weight (g) of CNC used for the measurement. 
3.3.9. Attenuated total reflectance (ATR) - Fourier Transform Infra-Red Spectroscopy (ATR-
FTIR)   
ATR-FTIR was carried out on a Nicolet 5700 FT-IR fitted with a diamond attenuated total 
reflection accessory to determine the presence of the polyurethane bond (carbonyl and amine bond) 
in the composite (Chapters 6, 7 and 8). The spectra were collected from a wavenumber of 525 to 
4000 cm-1 and number of scan equal to 32. The spectra were analysed using Omnic software 
(Thermo Scientific, USA). 
To determine the influence of cellulose and processing method on each sample, the frequency shift 
of ‘free’ and ‘associated’ or ‘bonded’ N-H bonds was calculated using following equation (3): 5 
∆ʋ = ʋf’ - ʋb’         (3) 
 
Where ʋf’ and ʋb’ are the frequencies of maximum absorption of free and hydrogen bonded N-H 
groups, respectively. The shift, ∆ʋ, in the stretching frequency of the hydrogen bonded N-H group, 
is considered a measure of the strength of the hydrogen bonds.  
 
The degree of phase separation (DPS) and degree of phase mixing (DPM) were determined by 
using the method developed by Tien and Wei.6 The degree of the carbonyl groups participating in 
hydrogen bonding can be defined by the carbonyl hydrogen bonding index, R, in Eq. (4). 
𝑅𝑅 =  𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝜖𝜖𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝐶𝐶𝑓𝑓𝑓𝑓𝑏𝑏𝑏𝑏𝜖𝜖𝑓𝑓𝑓𝑓𝑏𝑏𝑏𝑏
=  𝐴𝐴1728
𝐴𝐴1700
            (4) 
The degree of hard segment linking hard segment (DPS) can be obtained readily by equation (5). 
The DPM represent of hard segment linking soft segment can be determined by equation (6)7, 8 : 
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𝐷𝐷𝐷𝐷𝐷𝐷 =  𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏+𝐶𝐶𝑓𝑓𝑓𝑓𝑏𝑏𝑏𝑏
=  𝑅𝑅
𝑅𝑅+1
           (5) 
𝐷𝐷𝐷𝐷𝐷𝐷 = 1 − 𝐷𝐷𝐷𝐷𝐷𝐷                            (6) 
3.3.10. Mechanical testing 
The mechanical properties of the composites (Chapters 6, 7 and 8) were measured at room 
temperature on an Instron model 5543 universal testing machine equipped with a 500 N load cell. 
The tensile and hysteresis tests were cut into dumbbell shapes according to ASTM d-638-M-3. The 
tests were performed with a gauge length of 14 mm and crosshead speed of 50 mm/min and 
pneumatic grips were employed to prevent slippage. For each sample, five and three strips for the 
tensile and hysteresis tests were tested respectively. Modulus was determined from the slope of 
initial low strain, while toughness was determined by integrating the area under the curve. 
Hysteresis was undertaken at strain values of 50%, 100%, 200% and 500% with five loading-
unloading cycles. The dissipation energy was determined using the area of hysteresis loop. 
The tear test was conducted following the ISO 34-1:1994 Method B (a), using angle test specimen 
(type B) without nick and a crosshead speed of 500 mm/min was applied. The creep test was 
performed according to ISO 899-1:2003, with a stress of 2 MPa and 6 hours holding time. Three 
strips were used for each testing. 
 
3.3.11. Differential scanning calorimetry 
DSC measurements were carried out on a Mettler Toledo DSC 1 Star using aluminium crucible 
standard 40 µl. The samples weighed from ~ 6-10 mg and the heating range was between -100°C 
and 300°C with a heating rate of 10°C/min. DSC analysis was carried out for TPU 
nanocomposites in Chapters 6, 7 and 8. 
3.3.12. Dynamic mechanical analysis 
The temperature dependence of the mechanical properties of the samples was followed by dynamic 
mechanical analysis (DMA) in a tensile mode using a Mettler Toledo instrument (SDTA861e). The 
programme involved holding isothermal conditions at -100°C for five minutes and subsequently 
heating to 110°C at a rate of 3°C/min, with the frequency of 2 Hz. DMA was employed for the TPU 
nanocomposites structure study in Chapters 6, 7 and 8. 
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Chapter 4  
Isolation of Cellulose Nanocrystals with Enhanced Thermal Stability via Acid hydrolysis 
 
Cellulose nanocrystals are generally isolated from cellulose sources via acid hydrolysis, enzymatic 
treatment, mechanical treatments and combinations thereof. The most commonly used method to 
isolate CNC is acid hydrolysis using a strong acid. Acid hydrolysis using a strong and corrosive 
acid, such as sulphuric acid, is widely reported and the preferred method as it yields distinct 
nanocrystals with surface charges which result in good dispersibility. However, they exhibit poor 
thermal stability due to the degradation induced by sulphate groups present on the CNC. 
Contemporary research activities are involved in isolating CNC with enhanced thermal stability 
without compromising other key attributes of cellulose. Recently the hydrolysis of cellulose, using a 
mild acid such as phosphoric acid, has been shown to yield CNC with higher thermal stability than 
the regular CNC isolated via sulphuric acid hydrolysis. However, this approach is encumbered by 
the need to use large amounts of mild acid, and is also associated with a low production yield. This 
study aims to produce CNC using both mild and strong acids in combination, thereby giving higher 
production yields. In this chapter this is achieved by optimising the process and investigating the 
sequence of acids addition (Scheme 4.1). The obtained results demonstrate that the CNC can be 
obtained using mild acid hydrolysis under optimised conditions, at high production yield, producing 
a typical rod-like CNC shape with enhanced thermal stability (260-297°C) and demonstrating a 
high level dispersibility in polar solvents. 
 
Scheme 4.1 Overview of acid hydrolysis of CNC from microcrystalline cellulose (MCC). 
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4 .1 Introduction 
Cellulose nanocrystals can be isolated from plants like jute1, cotton2, ramie3, and wood4, biomass 
residues5 such as agricultural crops, as well as bacteria and sea creatures like tunicates.6 They have 
been demonstrated to be amongst the most promising new nanoscale building blocks for next 
generation biomaterials and engineering applications due to their renewable origins, combined with 
low toxicity and unique physical properties.7 Remarkable reinforcement effects have been recently 
demonstrated when incorporating CNC into various polymer matrices (polypropylene,8 
polyethylene,9 polyvinyl alcohol10). The polymer/CNC nanocomposites have exhibited enhanced 
mechanical properties, without compromising optical properties, even at very low loadings (< 5 % 
v/v).11  
The successful processing of polymer nanocomposites depends heavily on the chemical, physical 
and thermal properties of polymer matrices. As discussed in Chapter 2, polymer/CNC 
nanocomposites can be developed via four different approaches. Of those, the preferred approach is 
melt-compounding or extrusion as the infrastructure required for processing at the industrial scale is 
already established and it reduces the usage of solvents significantly. However, in endeavouring to 
exploit their real reinforcement potential, the processing of CNCs at elevated temperatures has been 
severely limited by their low thermal stability as well as the dispersibility in the final 
nanocomposite materials. In order to improve their melt-processability, contemporary approaches 
were adopted in modifying the surface of CNC via the use of organic compatibilisers12 and 
esterification13 to improve their thermal stability. Typically, CNC are isolated via acid hydrolysis, 
ultra-sonication, enzymatic and mechanical treatments with hydrolysis using sulphuric acid being 
the most common isolation method. CNC isolated via sulphuric acid hydrolysis, exhibit excellent 
dispersibility in most of the polar solvents and polymers, but have poor thermal stability due to 
sulphate groups on the surface of the CNC (where the degradation mechanism may be induced by 
the residual of sulphate groups (SO4)2- ).14-16 In order to isolate CNC with enhanced thermal 
stability, recent attempts are involved in hydrolysis using other mineral acids such as hydrochloric 
acid (HCl) 16, 17, mild acids like phosphoric acid (H3PO4) 18and formic acid 19. The CNC produced 
through hydrochloric acid hydrolysis exhibit high thermal stability, but their aqueous suspensions 
tend to flocculate,20, 21 whereas in the hydrolysis using phosphoric and formic acids, the acid 
consumption is relatively high with reference to the raw materials and production yield. 18, 22 For 
example, acid hydrolysis cotton (filter paper) using phosphoric acid involves 63% acid with a solid 
to liquid ratio of 1:185. 
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In order to produce CNC with enhanced thermal stability and good dispersibility, this study aims to 
investigate the synergistic effect of phosphoric acid with hydrochloric acid and sulphuric acid. The 
working hypothesis is based on three observations in the literature:  
i) the use of strong and corrosive acid enhances the hydrolysis without dissolution of cellulose; 
ii)  the use of mild acid (phosphoric) acid enhances the thermal stability (with the formation of 
zero or less sulphate groups); and 
iii) the residual surface charges may still enhance the dispersibility of CNC.  
 
This study will systematically work through the optimisation of a more acceptable CNC hydrolysis 
protocol by firstly using single acids and then various acid combinations, to achieve a high 
production yield with a relatively lower consumption of acids.  
 
4.2 Experimental 
4.2.1 Materials 
Two sources of cellulose were employed in this chapter, namely, cotton (Whatman filter paper) and 
commercially available microcrystalline cellulose (MCC). Three types of acids were used for the 
hydrolysis process, namely, sulphuric acid (H2SO4), phosphoric acid (H3PO4) and hydrochloric 
acid (HCl). 
 
Figure 4.1 Optical micrographs of a) cotton (Whatman filter paper) and b) microcrystalline 
cellulose (MCC) at 20 X magnification. 
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Initial dimensions of the raw materials can be observed in Figure 4.1 where the optical microscopic 
images of their aqueous dispersions are presented. Based on the optical images, more fibrous 
structure can be seen for cotton, and fragmented particulates for MCC. 
4.2.2 Isolation of cellulose nanocrystals via single acid hydrolysis  
Acid hydrolysis was undertaken using sulphuric acid (H2SO4) and phosphoric acid (H3PO4) to 
obtain CNC according to the detailed procedure described in Chapter 3. H3PO4 was used to 
increase the thermal stability of CNC as well as to ensure their dispersibility. Significant differences 
in the acid concentration and solid to liquid ratio in the hydrolysis process were used for both 
cellulose sources (filter paper (cotton) and microcrystalline cellulose (MCC)). For cotton, the solid 
to liquid ratio used for H2SO4 hydrolysis was 1:75. For H3PO4 hydrolysis, the solid to liquid ratio 
was 1:185, which was reduced to 1:75 when using MCC. For H2SO4 and H3PO4, 32% and 63% of 
the acid concentration respectively was employed for acid hydrolysis to achieve the best 
performance in CNC isolation. CNC obtained from H2SO4 and H3PO4 using cotton are denoted as 
CNC-S and CNC-P, whereas CNC isolated from MCC using H3PO4 hydrolysis is labelled as 
mCNC-P. 
4.2.3 Isolation of cellulose nanocrystals via hydrolysis with mixed acid system 
A mixed acid system was designed to reduce the usage of corrosive acid by combining it with a 
mild acid. MCC was used in the mixed acid hydrolysis system. Two types of acid combination were 
used, namely, sulphuric acid (H2SO4) with phosphoric acid (H3PO4) and H3PO4 with hydrochloric 
acid (HCl). The ratio of H3PO4 acid to corrosive acid (H2SO4 and HCl) was 1:3.8, with the solid to 
liquid ratio applied using this system being 1:75. 
 
4.3 Results and discussion 
4.3.1 Isolation of cellulose nanocrystals via single acid hydrolysis 
4.3.1.1 Morphology and dimension of CNC from filter paper (cotton) 
Figure 4.2 shows CNC obtained from filter paper (cotton) via single acid hydrolysis using sulphuric 
acid and phosphoric acid. It can be seen that CNC has rod-like/needle-like shape for both acid 
hydrolysis processes. The production yield and dimensions of CNC from both processes are also 
summarised in Table 4.1. The average aspect ratios of rod-like CNC obtained via hydrolysis are 13 
and 10 for CNC-S and CNC-P respectively, which are similar to those achieved in earlier reports.18, 
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23 The production yield (%) of CNC (with respect to the initial mass of cellulose) produced via 
single acid hydrolysis was 81 and 62% using sulphuric and phosphoric acids respectively. A low 
production yield of CNC-P may be attributed to phosphate groups attached to the cellulose, which 
can be converted back to free phosphoric acid and amorphous cellulose, and thus reduce the 
potential for recrystallisation.24  
 
Figure 4.2 TEM images of CNC from cotton produced via acid hydrolysis using sulphuric acid 
(CNC-S) (left) and phosphoric acid (CNC-P) (right). 
 
Table 4.1 Dimensions and production yield of CNC isolated from cotton. 
Sample Length  
(nm) 
Diameter  
(nm) 
Aspect 
Ratio 
Production 
yield (%) 
Volume (mL) of 
concentrated 
acid per gram of 
CNC 
CNC-S 213 ±50 16 ±3 13 81 33 
CNC-P 270  ±135 26 ±13 10 62 218 
 
4.3.1.2 Thermal stability of CNC from filter paper (cotton) 
Figure 4.3, shows the thermograms of CNC obtained via single acid hydrolysis using sulphuric and 
phosphoric acids. It shows that CNC-S starts to degrade at 200°C with maximum decomposition at 
348°C. The low thermal stability can be attributed to the surface functionalisation with sulphate 
charges which promote dehydration reactions.18, 23 A significant improvement in thermal stability 
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can be observed for the CNC-P which does not begin to degrade until a temperature 255°C, with 
maximum decomposition at 341°C. An enhanced thermal stability can be attributed to the absence 
of highly reactive functional groups like sulphates which can promote dehydrations and the 
introduction of phosphate groups which may reduce the rate of dehydration reactions while 
maintaining the dispersion stability of CNC. 
 
 
Figure 4.3 TGA thermograms of CNC-S and CNC-P obtained from cotton. 
 
Though, the phosphoric acid hydrolysis 18 was able to increase the thermal stability of CNC, its 
consumption was remarkably high. As shown in Table 4.1, it required 218 mL/g of phosphoric acid 
to produce per gram CNC whereas it requires lesser (33 mL) sulphuric acid according to the above-
mentioned lab-scale protocols. The following section was designed to overcome this problem while 
sustaining the good thermal stability and crystallinity of CNC. 
 
4.3.1.3 Isolation of CNC from microcrystalline cellulose (MCC) via single acid hydrolysis 
Commercial grade pure cellulose powder, microcrystalline cellulose (MCC), was used to isolate 
CNC using phosphoric acid under similar conditions to those in sulphuric acid hydrolysis from 
cotton. An initial reduction in size of the raw materials (millimetre to microns) allows us to work 
towards reducing the time and acid consumption to isolate CNC. The micrograph of MCC in Figure 
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4.1 shows cellulose particles are smaller (20-40 µm). For microcrystalline cellulose (MCC) powder, 
hydrolysis was performed using H3PO4 (32% acid concentration at 1:75 solid to liquid ratio) 
following the protocol of sulphuric acid hydrolysis at hydrolysis temperature of 50°C for 1 hour.  
 
4.3.1.4. Morphology, dimension and thermal stability of the CNC from MCC 
Figure 4.4 shows TEM image and TGA thermogram of cellulose nanocrystals (mCNC-P) produced 
via acid hydrolysis.  
The CNCs produced under this protocol (32%, 1h at 50°C) did not show any distinct rod-like shape. 
The reason is still unclear, however, it may be attributed to the low acid concentration with short 
resident time. At low concentration, presumably the phosphoric acid may penetrate into both 
amorphous and crystalline domains but slower in liberating/separating the crystalline domains from 
the amorphous domains of cellulose particles, resulting in cellulose without any distinct shape. 
Therefore, further optimisation has been carried out using H3PO4 (see section 4.3.1.6) in order to 
obtain CNCs with distinct shape and high production yield.  
Meanwhile, results from TGA measurements have shown improved thermal stability with onset 
degradation temperatures for MCC and mCNC-P are 270°C and 250°C, respectively (Figure 4.4). 
In a comparison of sources, CNC obtained from MCC demonstrated higher thermal stability than 
CNC obtained from cotton (i.e. CNC-P, Figure 4.4). 
Figure 4.4 TEM image (left) and TGA curve (right) of cellulose nanocrystals (mCNC-P) produced 
via phosphoric acid hydrolysis. 
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4.3.1.5 Optimisation of the phosphoric acid hydrolysis process to obtain CNC from MCC 
Following from the previous section, the hydrolysis process was optimised by maintaining the solid 
to liquid ratio at 1:75, with acid concentration being increased to 63% in addition to varying the 
time (30, 60 and 120 min) and the temperature (30, 70°C). They are coded as CNC-PXn where ‘X’ 
is A and B for 30 and 70 °C, respectively, and ‘n’ is 1 and 2 for 30 and 60 min. 
 
4.3.1.5.1 Morphology and dimensions of CNC from the optimisation of phosphoric acid 
hydrolysis 
Figure 4.5 illustrates the shape of CNC and Table 4.2 lists the dimensions measured resulting from 
the optimisation of H3PO4 hydrolysis. A rod-like shape can be found in all samples and CNC-PB1 
has the most distinctive shape, whereas the remaining samples show heavy agglomeration. CNC-
PB1 measurements were 168 nm in length, 9.6 nm in diameter with an aspect ratio of 20. The 
production yield (weight of product over initial weight of raw material) of CNC-PB1 achieves a 
level of  85%, which is higher than CNC obtained from filter paper (76-80%).18 Figure 4.6 
illustrates the TEM images of CNC obtained from this isolation process. It is observed that the 
CNCs with a rod-like shape and high yield can be isolated from acid hydrolysis using phosphoric 
acid in a shorter reaction time (30-60 min) and at a higher temperature (70°C). Significantly CNC-
PB1 has reduced acid consumption by approximately 71% (Table 4.2) when compared with the 
phosphoric acid hydrolysis procedure using cotton, and the hydrolysis time was reduced by 30 
minutes. 
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Figure 4.5 TEM images of CNC from phosphoric acid optimisation CNC-PA1, CNC-PA2, CNC-
PB1 and CNC-PB2. 
 
Table 4.2 Dimensions of CNC isolated using phosphoric acid and yield percentage from MCC. 
Sample 
codes * 
Length  
(nm) 
Diameter 
(nm) 
Aspect 
Ratio 
Production 
Yield (%) 
Acid required 
(ml) / CNC 
production (g) 
Degree of 
Crystallinity 
(%) 
CNC-PA1 336.9 ±13 10.0 ±3 37.4 ±22 81 71 89.7 
CNC-PA2 190.4 ±32 8.6  ±2 23.3  ±7 60 96 89.8 
CNC-PB1 168.6 ±18 9.6 ±4 20.0 ±8 85 64 91.2 
CNC-PB2 189.6 ±50 10.1 ±5 20.2 ±5 52 111 88.4 
*CNC-PXn where ‘X’ is A and B for 30 and 70 °C, respectively, and ‘n’ is 1and 2 for 30 and 60 
min. 
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4.3.1.5.2 Thermal stability of CNC from MCC of optimised phosphoric acid hydrolysis 
As seen in Figure 4.6, all CNC samples from the optimisation of H3PO4 hydrolysis had a small 
weight loss at a low temperature (<120°C) corresponding to the water absorbed. The onset 
degradation temperature ranged from 259°C to 275°C. The thermal behaviour of CNC increases 
significantly compared to the CNC produced from sulphuric acid hydrolysis which was at 
approximately 150°C.18 Examining the derivatives peak from the TGA traces for all CNC samples 
reveals one clear peak, with CNC-PB1 having an obviously broader peak that stretches from a 
temperature of ca. 270°C to 360°C.  
 
Figure 4.6 TGA curves (left) and derivatives (right) show the weight loss upon decomposition of 
MCC and CNC obtained from optimisation of phosphoric acid hydrolysis.  
 
4.3.1.5.3 Crystallinity of CNC optimisation of phosphoric acid hydrolysis  
The obvious intensity peak from the x-ray diffractogram in Figure 4.7 is at a 2θ value of 22° which 
represents the crystalline structure of cellulose I, whereas the amorphous background was 
characterised by a peak at a 2θ value of 18°.25 The overall degree of crystallinity of the CNC 
obtained from the optimisation of H3PO4 hydrolysis was determined as having a value in the range 
of 88 – 91 %. The characteristic peaks at 2θ = 15 (101), 16.5 (10ī), 20.8 (021), 22.5 (002) and 34.3 
(040) show the crystalline polymorph I cellulose for MCC. This acid hydrolysis process indicates it 
was able to sustain a high degree of crystallinity in the cellulose structure. 
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Figure 4.7 XRD pattern of microcrystalline cellulose (MCC) and cellulose nanocrystals from 
optimised phosphoric acid hydrolysis (CNC-PA1, CNC-PA2, CNC-PB1 and CNC-PB2). 
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4.3.2 Isolation of cellulose nanocrystals via mixed acid hydrolysis 
This part of the study focuses on the isolation of CNC with enhanced thermal stability and 
dispersibility from commercial grade microcrystalline cellulose (MCC) using a mixed acid system 
i.e. a combination of phosphoric acid and sulphuric acid/hydrochloric acid. In order to reduce the 
consumption of large amount of acids, the synergistic combination of acids is investigated.  
This system involves the hydrolysis of MCC with phosphoric acid and sulphuric acid in the ratio of 
60:40 with a solid to liquid ratio of 1:75. The sequence of addition was also investigated. In the first 
approach, the aqueous dispersion of MCC (~200 mL deionised water)  was treated with H3PO4 
(85%, 150 mL) for 1.5 h at 50°C, followed by sulphuric acid (98%, 40 ml) for 1 h. In the second 
approach, the hydrolysis was first performed with sulphuric acid for 1 h and then with phosphoric 
acid for another 1.5 h. Then the suspension was cooled, centrifuged and dried following the 
procedure described in the acid hydrolysis section of Chapter 3. A similar protocol was used for the 
addition of hydrochloric acid in the system.  
Hence, the CNC obtained from the mixed acid method are coded as CNC-AB in which A and B 
represents the acid (sulphuric acid (S), phosphoric acid (P) or hydrochloric acid (H)) and their 
sequence of addition to the mixture. For example, in obtaining CNC-PS, MCC was hydrolysed first 
in phosphoric acid for 1.5 h and then with sulphuric acid in the same system for another 1h.  
 
4.3.2.1 Morphology and dimensions of CNC isolated via mixed acid hydrolysis from MCC 
 
Figure 4.8 shows the TEM images of CNC obtained from the mixed acid hydrolysis process. CNC-
PH exhibits a rod-like shape similar to the CNC produced via typical sulphuric acid hydrolysis. In 
this hydrolysis process, the short reaction time and low concentration of phosphoric acid initially 
allowed it to be dissolved into the cellulose structure (dissolution) and the complete removal of any 
swollen/amorphous parts was then accomplished by the presence of hydrochloric acid in the 
medium.26 Table 4.3 summarises the production yield (%) and the measured dimensions. The 
combination of phosphoric and hydrochloric acids (CNC-HP) achieved a high production yield 
(producing a greater weight than the initial raw material weight) which might be due to the 
incomplete removal of swollen structures caused by phosphoric acid and the fact that hydrochloric 
acid is less corrosive than sulphuric acid.27, 28 Overall, CNC varied in length in the range of 360-400 
nm, in average width in the range of 16-22 nm and in average aspect ratio between 18 and 22. The 
Chapter 4 
53 
 
aspect ratio and size obtained were similar to the CNC produced via single acid (sulphuric acid or 
phosphoric acid) hydrolysis.18, 29-31  
 
Figure 4.8 TEM images of CNC obtained via mixed acid hydrolysis. 
 
Regarding acid consumption when using this procedure, especially for CNC-PH, a 52% reduction 
of phosphoric acid (when compared with CNC-PB1) was successfully achieved and the amount of 
acid required per CNC production is presented in Table 4.3. The corrosive acid contributes well to 
the hydrolysis process even though the amount used is small and does not add significant value to 
the acid consumption determination. 
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Table 4.3 Dimension of CNC isolated using mixed acid hydrolysis. 
Sample Length  
(nm) 
Width 
(nm) 
Aspect 
Ratio 
Production 
Yield (%) 
Acid required 
(ml) / CNC 
production (g) 
(H3PO4) 
Acid required 
(ml) / CNC 
production (g) 
(H2SO4/HCl) 
CNC-PS 364.3 ±89 19.9 ±6 18 93 31 8 
CNC-SP 368.4 ±99 20.8 ±7 18 98 29 8 
CNC-PH 424.7 ±86 22.3 ±3 19 99 29 8 
 CNC-HP 363.2±109 16.6 ±3 22 101 29 8 
 
4.3.2.2 Thermal stability of CNC isolated via mixed acid hydrolysis from MCC 
 
Figure 4.9 shows the thermal analysis of CNC isolated via mixed acid hydrolysis. The reduction of 
weight loss at temperatures below 100°C was caused by water evaporation of the samples. CNC-PS 
and CNC-SP recorded lower onset degradation temperatures at 254°C and 277°C respectively. 
These most likely reflect the degradation induced by sulphate groups (SO4)2-. However, these 
temperatures can be considered better than in previous research which reported onset degradation 
temperatures of CNC at 140°C 32 and ~260°C7. Furthermore, CNC-PH and CNC-HP demonstrate 
good thermal stability with an onset degradation temperature of 295°C. At approximately 300°C, 
the temperature is slightly lower than for the CNC obtained via HCl hydrolysis under hydrothermal 
conditions reported by Yu et al. 201316.  
Based on derivatives of TGA traces, CNC produced from mixed acid hydrolysis containing 
sulphuric acid have much more broader range from ca. 260-350°C and exhibit one distinct pyrolysis 
process which suggests that the content of the sulphate group is low33. Furthermore, CNCs 
produced via a combination of phosphoric and hydrochloric acid exhibit narrow derivative peaks 
ranging from ca. 290 – 350°C. To gain further insight into the thermal degradation of CNC 
behaviours, the enthalpy of samples at the initial degradation point were determined (Table 4.4). 
CNC-SP recorded a high enthalpy value due to the amount of sulphate that might be abundant on 
the cellulose surface, thus becoming a catalyst for a degradation reaction and consuming more 
energy in decomposing the CNC.34 In addition, the char yield at 450°C is 15% for all CNC samples 
and it is slightly lower than MCC which recorded 21%.  
 
Chapter 4 
55 
 
Figure 4.9 TGA curves (left) and  derivatives (right) showing the weight loss upon decomposition 
of MCC and CNC obtained from mixed acid hydrolysis (CNC-PS, CNC-SP, CNC-PH and CNC-
HP). 
 
Table 4.4 Degradation temperature and enthalpy determine from TGA curves for CNC isolated 
from mixed acid hydrolysis. 
Sample Tonset(°C) Tmax(°C) 
Enthalpy 
(Wg-1/ °C) 
CNC-PS 250 337 22.7 
CNC-SP 274 340 27.8 
CNC-PH 280 340 18.1 
CNC-HP 275 342 12.5 
 
4.3.2.3 Crystallinity of CNC isolated using mixed acid system 
Figure 4.10 shows the x-ray diffractogram for the CNC obtained via mixed acid hydrolysis method. 
The characteristic peaks at 2θ = 15 (101), 16.5 (10ī), 20.8 (021), 22.5 (002) and 34.3 (040) of 
cellulose crystalline polymorph I cellulose can be observed in MCC. A characteristic peak for the 
crystalline structure of cellulose I at 2θ = 22° was retained even after hydrolysis with the amorphous 
background peak at  2θ = 18°.25 The crystallinity index for MCC is typically reported to be in the 
vicinity of 55-80 % in the literature.35 The degree of crystallinity for CNC-PS, CNC-SP, CNC-PH 
and CNC-HP were calculated as 91.1%, 89.7%, 92.8% and 93.2% respectively. The amorphous 
regions of the MCC were more prone to acid attacks. Furthermore, most CNC isolated by single 
acid hydrolysis reported a degree of crystallinity of approximately 60-80%24, 36 with the highest 
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degree of crystallinity (91%) achieved by Sadeghifar et al. 201137 when using hydrobromic acid 
hydrolysis. This demonstrates that the mixed acid hydrolysis process was able to retain the crystal 
structure of the cellulose. 
Figure 4.10 XRD patterns of cellulose nanocrystals (CNC-PS, CNC-SP, CNC-PH and CNC-HP) 
obtained via mixed acid hydrolysis method.  
 
4.3.2.4 Dispersion of CNC isolated via mixed acid hydrolysis 
 
One of the key features of good nanocrystals the ability to disperse well in the 
medium/solvent/polymer used. Dispersibility of CNC was investigated by dispersing them in 
deionised water and/or dimethylformamide (DMF) and observing the stability of dispersion over 
some period of time. Photographs were taken immediately after 2 minutes of ultrasonication, and at 
1 h, 24 h and 10 days. Even though it was difficult to differentiate the dispersion level between the 
samples, as shown in Fig. 4.11, all CNC dispersed in deionised water appeared to be stable for 10 
days. Meanwhile, CNC dispersed in DMF showed good dispersion, but sedimented within 24 h. 
The very hydrophilic CNC and water molecules tend to associate through strong hydrogen bonding 
which contributes to the stability of aqueous suspension,  whereas CNC in DMF suggest a major 
aggregation of the suspended particles38 in the less polar organic solvent suspension. Further 
investigation of suspension stability in deionised water was determined by the zeta potential value 
(Table 4.5). In agreement with the physical appearance of the suspension, the zeta potential for all 
CNC suspensions recorded almost similar values from 33 – 38 mV. This also indicates the 
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nanoparticle has moderate dispersibility in water.39, 40 No element of P and S has been traced due to 
their low levels and their inability to be detected by the instrument (minimum sensitivity is 1%). 
The dispersion ability of CNCs was also supported by the charge (sulphate and phosphate) 
concentration. CNC samples hydrolysed by phosphoric acid first show higher charge concentration 
as phosphate has stronger inhibition than sulphate anion.41, 42  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11 Photographs of CNC-PS, CNC-SP, CNC-PH and CNC-HP isolated via mixed acid 
hydrolysis system were dispersed in deionised water and DMF, taken after ultrasonication, 1 hour, 
24 hours and 10 days. 
 
 In deionised water In DMF 
After  
Ultrasonication 
  
1 hour 
  
24 hours 
  
10 days 
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Table 4.5 Characterisation of CNC on elemental analysis, zeta potential and amount of charges. 
 
 
4.4 Conclusion 
 
Cellulose nanocrystals from microcrystalline cellulose (MCC) were isolated via acid hydrolysis 
using either single acid or mixed acid systems. In the single acid system, isolation of CNC using 
cotton via sulphuric and phosphoric acid was successfully obtained in terms of shape, size and 
dimension in accordance with previous studies.18, 23 The disadvantage of isolation via sulphuric acid 
hydrolysis was related to the low thermal stability of CNC produced due to sulphates which tend to 
promote the dehydration process. CNC obtained via acid hydrolysis process using phosphoric acid 
(according to the reported protocol) have shown enhanced thermal stability. However, this 
hydrolysis process used a higher total solid to liquid ratio (1:185) compared to sulphuric acid 
hydrolysis (1:75) and consumed a large volume of solvent. 
To reduce the solid to liquid ratio, MCC was chosen as the cellulose source; as the initial smaller 
particles appear to have distinctively more favourable characteristics for the production of CNCs at 
low solid: liquid ratio. At the solid to liquid ratio of 1: 77, under optimised conditions, the CNC 
(CNC-PB1) hydrolysed at 70°C, 30 min have exhibited morphology and dimensions almost the 
same as typical CNC isolated from cotton via sulphuric acid hydrolysis. Significantly, based on the 
production yield, the acid consumption per gram of CNC has been reduced almost 71% in 
comparison of reported protocol for phosphoric acid hydrolysis using cotton. In addition, this was 
achieved at lower temperature and less time.  
In a mixed acid hydrolysis system, CNC with enhanced thermal stability and dispersibility were 
successfully produced using phosphoric acid in combination with hydrochloric acid. By using 
Sample 
Elemental Analysis 
Zeta Potential 
(mV) 
Charge 
concentration 
(mmol/kg 
cellulose) 
C (%) H (%) 
CNC-PS 41.63 ±0.03 6.30 ±0.09 33.24 ±1 98.0 
CNC-SP 41.59 ±0.07 6.42 ±0.01 34.46 ±2 53.4 
CNC-PH 41.53 ±0.01 6.27 ±0.05 38.86 ±4 102.0 
CNC-HP 41.50 ±0.05 6.29 ±0.13 35.28 ±4 46.0 
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phosphoric acid as a basis, the acid consumption was successfully reduced by approximately 52% 
compared to our optimised hydrolysis process to produce CNC-PB1.  
Overall, if the comparison was made between the volumes of commercially available concentrated 
phosphoric acid required for producing per gram of CNCs, via reported protocol for CNCs from 
cotton using phosphoric acid and our mixed acid method, acid consumption was reduced up to 86%. 
The summary of CNCs (the best CNC obtained from single acid (CNC-PB1) and mixed acid (CNC-
PH) produced from MCC based on their properties as shown in Table 4.6. Indeed, less acid 
consumption in producing CNC with good thermal stability and dispersibility makes a remarkable 
contribution to an environmentally friendly and economical process. 
Table 4.6 Properties evaluation of CNC produced from MCC via acid hydrolysis. 
Rating * 1 2 3 
Thermal stability 
  
CNC-PB1 
CNC-PH 
Dispersibility 
(deionised water) 
 CNC-PB1 CNC-PH 
Environmental impact 
(Acid consumption) 
 CNC-PB1 CNC-PH 
            *1 = under average 2 = average 3 = good 
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Chapter 5  
Isolation of Cellulose Nanocrystals via a Scalable Mechanical Method 
The production of rigid rod-like cellulose nanocrystals (CNC) via more scalable methods is 
necessitated by an increasing demand for CNC in various industrial sectors over the last 
few years. Contemporary protocols involve a consumption of large amounts of strong acids, 
enzymatic treatments, ultra-sonication and combinations thereof. In an attempt to address 
this scalability challenge, we aimed to isolate CNC via a scalable mechanical method i.e. 
high energy bead milling (HEBM). An aqueous dispersion of commercially available 
microcrystalline cellulose (MCC) was micronized through a HEBM process. This process 
was optimised by varying the concentration (0.5-2 wt. %) and time (15-60 min) parameters, 
in order to obtain a high yield of well-separated CNC as characterised by transmission 
electron microscopy (TEM). Micronisation of cellulose via the HEBM method under mild 
conditions resulted in cellulose nanocrystals with an average aspect ratio in the range of 20 
to 26. The nanocrystals also retained both their crystallinity index (ICr) (85 to 95 %) and 
thermal stability described in terms of onset degradation temperature (Tonset) (230 – 263 
°C). The production yield of CNC from MCC via this process ranged between 57 to 76 %. 
In addition, we found that micronisation of the MCC in presence of dilute phosphoric acid 
also resulted in CNC with an average aspect ratio ranging from 21 to 33, high crystallinity 
(88-90 %) and good thermal stability (Tonset 250 °C). In this study, we demonstrate the 
micronisation of commercially available MCC into CNC and describe their dimensions and 
properties after acid treatment and HEBM. Furthermore, we are able to recommend the use 
of this scalable milling process to produce rod-like cellulose nanocrystals having a thermal 
stability suitable to withstand the melt processing temperatures of most common 
thermoplastics. 
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5 .1 Introduction 
Recently, nanoscale cellulose particles have gained much interest from both academia and 
industry as a new class of renewable nanomaterials due to their useful mechanical properties 
(eg. high specific strength and stiffness and thermodimensional stability) l combined with 
their nanoscale crystalline and fibrous morphology, chemically tuneable surface 
functionalities, an ability to be obtained in various dimensions (esp. aspect ratio) and 
renewability.1, 2  
 
Depending on the processing methods and the sources, they can be obtained as rod-like low-
aspect ratio nanocrystals, filament-like long nanofibrils and sphere-like nanocrystals.2-5 The 
properties of individual rod-like or rice like cellulose nanocrystals (CNC) are drawing great 
interest when compared with other engineering materials like aluminium,6-8 steel7 and glass 
fibre.9 These properties greatly recommend them as advanced reinforcing or functional 
fillers for thermoplastics, thermosets and elastomers. They have been explored as fillers and 
rheology modifiers in various fields like thermoplastics,10-12 foams,13 aerogels14 and polymer 
electrolytes.15, 16 Isolation of CNC via sulphuric acid hydrolysis is not ideal as it requires a 
considerable consumption of solvent (acid) and time. Furthermore, the resulting product also 
exhibits poor thermal stability (attributed to the dehydration mechanism facilitated by the 
sulphate groups) 17 and is therefore sometimes unsuitable for further processing at the 
elevated temperatures (180-250 °C) typically employed in the manufacturing of many 
thermoplastic polymers. Hence, it becomes critical to produce CNC with enhanced thermal 
stability. To date, alternative approaches have included the use of some mild mineral and 
organic acids18, 19 or enzymatic methods in combination with ultrasonic or microwave 
irradiation.20 
 
Recently, highly thermally stable CNC have been produced via mild acid hydrolysis 
(phosphoric acid) and hydrothermal treatment (hydrochloric acid) at laboratory scale.19, 21 
However, these methods are severely limited by low yields and poor scalability due to the 
high consumption of mild acids (solvents) and time, respectively. Mechanical methods have 
also been explored for the preparation of nanoscale cellulose particles, either as part of the 
production process using combinations of acid hydrolytic, oxidative, and enzymatic 
treatments, or directly. These mechanical methods include ultrasonication20, 22, 
microfluidisation,23 high pressure homogenisation24 or ball milling.5, 25-27 Among these 
methods, ball milling has many advantages such as the possibility of both dry and wet 
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milling, temperature control and scalability in both batch and continuous formats. For 
micronising cellulose, wet conditions are preferred as the fluid can create a buffer  between 
bead and cellulose particles, thereby minimising the damage to the crystalline structure.25  
Recently, ball milling methods have been successfully employed for isolating nanoscale 
cellulose particles whereby water28, and organic solvents29 were employed as the milling 
media resulting in the retention of the inherent crystallinity of the particles. However, most 
of the mechanical fibrillation methods reported (including wet ball-milling methods), 
generated a final product of filament like nanofibrils, called nanofibrillated and 
microfibrillated cellulose (NFC/MFC) or cellulose nanofibres (CNF), which can be 
characterized with a diameter in nanometers or tens of nanometers and a length of up to 
several microns.1, 30, 31  
 
These filament-like nanoparticles have been explored in several applications where fibre 
entanglements are required. However, in polymer reinforcements, cellulose nanofibrils can 
raise an issue in terms of dispersibility and viscosity increases in a polymer matrix, 
especially with an aspect ratio above 100.2 Thus, in this study, we aimed at producing short 
‘rod-like’ or ‘rice-like’ cellulose nanocrystals with an aspect ratio below 100 primarily using 
aqueous high-energy bead milling (HEBM), and while also investigating various mild 
chemical processing conditions in parallel. 
 
As shown in Figure 5.1(a), HEBM operates via an impact mechanism to micronise the 
particles. When centrifugal force is generated in the mill, beads are forced to rotate around 
the mill wall. The reverse rotation of disc also applies centrifugal force in the opposite 
direction leading to the transition of balls to the opposite walls of mill providing an impact 
effect to micronise the materials in between the beads32. Furthermore, HEBM was compared 
with ultrasonication as one of the mechanical methods explored. As shown in Figure 5.1(b), 
ultra-sonication operates on a well-known high-speed shear mechanism. Upon 
ultrasonication, high-speed liquid jets are created. These liquid jets pressurize the liquid 
locally between the particles at high speed (1000 km/hr) to separate or fibrillate them and to 
promote additional particle collisions, so as to result in very small particles.20 By evaluating 
the resulting dimensions, crystallinity and the properties of CNC produced from both 
methods, we hereby demonstrate the potential of HEBM to cost-effectively produce CNC 
with good thermal stability in a scalable quantity. 
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Figure 5.1(a) High energy bead milling33 and (b) ultrasonication working mechanism. 
Reproduction of image from 20 with permission from Elsevier. 
5.2 Experimental 
5.2.1 Materials 
Microcrystalline cellulose (MCC) used is Avicel PH-101 (wood based cellulose) (USA, 
FMC biopolymer corporation). Ortho-phosphoric acid (H3PO4, 85%) from Merck 
(Australia) was used for HEBM with acid treatment. 
5.2.2 Isolation of CNC via ultrasonication 
The detailed procedure of ultrasonication of MCC to obtain CNC has been described in 
section 3.2.2.1 of Chapter 3. The CNC extracted from this method was designated as CNC-
U. 
5.2.3 Isolation of CNC via high energy bead milling 
Isolation of CNC via high energy bead milling (HEBM) with deionised water has been 
provided in section 3.2.2.2 of Chapter 3. The resulting CNC were designated as follows: 
CNC-MAn where A is MCC concentration (0.5, 1, 2 wt. %) and n is the milling time utilised 
(15, 30, 60 min).  
To evaluate the effect of mild phosphoric acid on the milling process, MCC was dispersed in 
dilute 1wt. % H3PO4 for one hour before the milling process. After milling, the CNC were 
separated from the liquid by centrifugation. The supernatant was decanted and replaced by 
b) a) 
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an equal amount of deionised water and the mixture was centrifuged again until the 
supernatant reached neutral pH. Finally the CNC suspension obtained was freeze-dried. The 
CNC produced via milling with H3PO4 was coded as CNC-MPAn, where P denotes the acid 
pre-treatment, and A and n are the same as above. 
 
5.3 Results and discussion 
5.3.1 Morphology and dimensions 
Transmission electron microscopy (TEM) was carried out to investigate the dimensions and 
morphology of CNC. The dimensions were measured using ImageJ software by magnifying 
the images to identify the rice-like particles end to end with at least 10 particles measured. 
From the TEM images in Figure 5.2 and Figure 5.3, it can be seen that MCC was 
successfully fibrillated and deconstructed into nanocrystals via the HEBM process. Unlike 
other mechanical processes30 reported, including a similar ball milling process34 (with 
softwood pulp sheet and alkaline solutions) where only micro- and nano-fibrillated cellulose 
(MFC/NFC) were observed. Here, the nanoparticles produced via our HEBM investigation 
exhibited rod-like or long rice-like morphology. As listed in Table 5.1, the aspect ratio of 
CNC products ranged from 20 to 26. Interestingly, the morphology and the aspect ratio 
values are actually quite similar to that of the CNC produced via acid hydrolysis.35, 36 
Furthermore, we found that the changes to morphology and dimensions were not 
significantly affected by the duration of milling (between 15 and 120 min) and the 
concentration (between 0.5 and 2 wt. %) of the suspension used in this study. It implies that 
even at 15 minutes of milling, rod-like cellulose nanocrystals can be obtained. However, 
according to the TEM images, the interaction between the individual CNC is slightly altered, 
for example, the CNC obtained from higher concentrations (eg. 2 wt. %) tend to interact 
through edges of the particles indicating the electrostatic interactions between the CNC. The 
production yield (%) (product weight over raw material weight) of CNC from the 
suspension of MCC ranged between 57 and 76 %. It is to be noted that some yield reduction 
can be attributed to material losses occurring during handling, including withdrawal of the 
suspension from the mill, and filtering plus washing of the balls after the milling process. 
The yield % values are relatively higher than the reported yield of CNC obtained via acid 
hydrolysis (22 – 52%) depending on sources.35, 37-39 
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Figure 5.2 TEM images of CNC obtained via HEBM from the dispersion of 0.5 wt.% (left) 
and 1 wt.% (right) of MCC obtained via HEBM process. 
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Figure 5.3 TEM images of CNC obtained via HEBM from the dispersion of 2 wt. % MCC 
in deionised water. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4 TEM images of CNC from top (left) and bottom (right) layer suspension 
obtained via ultrasonication method.  
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Table 5.1 Dimensions and the production yield of CNC isolated using high energy bead 
milling. 
 
 
As a comparison, CNC was also obtained via an ultrasonication method following 
previously reported protocols20, 22 with some slight modifications. Figure 5.4 shows the 
TEM images of CNC obtained from the top layer of the suspension obtained after ultra-
sonication (CNC-U) of the MCC. They also showed ‘rod-like’ or ‘rice-like’ nanocrystals 
with an average aspect ratio of 15 (165 ±23 nm length and 11 ±2 nm in width). However, the 
production yield (%) of CNC from top layer suspension was very low, i.e. 8-10 % of the 
initial weight. Meanwhile, the bottom layer had clusters or agglomerates of cellulose 
particles with dimensions of 100 nm to 500 nm (Figure 5.4). 
 
5.3.2 Thermal stability 
Thermal stability of CNC obtained via milling was measured by thermogravimetric analysis 
(TGA). Figure 5.5 compares the thermograms of MCC and CNC. A slight weight loss in the 
low temperature region (<110°C) can be attributed to the residual adsorbed water in the 
cellulose particles, even after vacuum drying. The onset degradation temperature (Tonset) for 
MCC was 270°C, whereas a slight decrease in Tonset was observed for CNCs (230 - 263°C) obtained 
after the milling process. This slight decrease can be attributed to either the increase in the cellulose 
surface area, fragmentation or decrease in crystallinity caused by the milling process. 
 
Sample 
Conc. 
(wt.%) 
Milling time 
(min) 
Length 
(nm) 
Width 
(nm) 
Aspect 
Ratio 
Yield (%) 
CNC-MA1 0.5 15 320 ±53 15  ±3 21 69 
CNC-MA2 0.5 30 351 ±90 18  ±5 20 57 
CNC-MA3 0.5 60 317 ±63 18  ±4 23 65 
CNC-MB1 1 15 286 ±100 13  ±5 23 64 
CNC-MB2 1 30 301 ±115 13  ±7 24 66 
CNC-MB3 1 60 371 ±71 14 ±5 26 76 
CNC-MC1 2 15 431 ±138 20  ±9 23 67 
CNC-MC2 2 30 387 ±83 15 ±3 26 58 
CNC-MC3 2 60 424 ±90 17  ±4 25 76 
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The degradation of CNC-U starts from 250°C which is slightly lower than the onset degradation 
temperature of MCC. This decrease may be associated with the increase in free cellulose chains and 
fragmentations brought about by ultrasonication.19 The CNC variants obtained via the HEBM 
process all show a higher thermal stability when compared to the thermal stability of the CNC 
obtained via typical sulphuric acid hydrolysis, which typically start to decompose at 150°C.19, 40 It is 
to be noted that the processing temperature of many thermoplastic polymers falls within the range 
of thermal stability exhibited by CNC obtained via HEBM process. 
 
 
Figure 5.5 TGA thermograms of CNC obtained via HEBM (right) and ultrasonication (left) 
obtained from MCC, retainment of thermal stability. 
 
5.3.3 Crystallinity of CNC 
The effect of milling on the crystalline structure of MCC particles was investigated by X-ray 
diffraction analysis. The characteristic peaks at 2θ= 15 (101), 16.5 (10ī), 20.8 (021), 22.5 
(002) and 34.3 (040) of crystalline polymorph I cellulose for MCC41 can be seen in Figure 
5.6. These peaks can be still observed for the CNC obtained via milling process. The 
crystallinity index (ICr) expressed as a percentage was calculated from the ratio of the 
crystalline peak (I002 – Iam) and the total peak of 002 lattice plane. The ICr of the initial MCC 
was about ~ 95 %.  
 
CNC obtained by the milling process showed a degree of crystallinity in the range between 
85 – 95% (Table 5.2) with no significant trend observed upon varying concentration (0.5 - 2 
wt. %) and milling time (15-60 min). The crystallinity for CNC obtained via ultrasonication 
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was within this range, ~ 90%, indicating a similar crystalline structure. The crystallinity 
range observed in this study is still higher than the earlier reported values (67 - 82%) for 
CNC obtained via acid hydrolysis.5, 19 It is also higher than the crystallinity (~32%) reported 
for CNC obtained after prolonged dry milling (1-6 days) and dilute acid hydrolysis.42 
Nevertheless, the maximum milling time was only 60 minutes via the wet milling conditions 
used in this study lead to less destruction of the crystal structure than seen with extensive 
dry milling. 
 
Figure 5.6 XRD patterns of commercial MCC and CNC obtained (after 60 min of milling) 
via HEBM method showing the retainment of crystalline domains of cellulose at 2θ = 15 
(101), 16.5 (10ī), 20.8 (021), 22.5 (002) and 34.3 (040). 
 
5.3.4 Stability and zeta potential of suspension 
As mentioned earlier, dispersibility is one of the key properties required for suitability as a 
reinforcing filler, as this property determines the ability to form stable colloidal 
suspensions.43, 44 Espinosa et al. 19 has discussed how CNC dispersibility strongly depends 
on their aspect ratio and the ability of the solvent and surface groups to counterbalance the 
attractive hydrogen-bond interactions exerted by the abundant hydroxyl groups. In the case 
of CNC that have been hydrolysed with sulphuric acid, they are known to have good 
aqueous dispersibility due to sulphate (SO4)2- groups on the surface of particles.45, 46 
 
The suspensions obtained after milling are stable even after several weeks (Figure 5.7(b)) 
unlike the suspension obtained via ultra-sonication (Figure 5.7 (a)), where rapid separation 
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into two layers was observed. However, freeze drying affected the dispersibility of the CNC 
produced via HEBM (Figure 5.8). Further characterisation of dispersibility, was carried out 
by measuring the zeta potential of this CNC. As visual examination suggested, CNC 
dispersions had settled down after 2 days and the ζ potential recorded a value within the 
range of -28 and -42 mV (Table 5.2) indicating that HEBM CNC are fairly stable in water 
and can be considered stable as compared to CNC produced via acid hydrolysis. For typical 
CNC obtained from sulphuric acid hydrolysis, a zeta potential of -95 mV has been achieved 
due to sulphate charges which can be considered to be excellent in terms of aqueous 
colloidal stability.47, 48  
 
 
Figure 5.7 a) CNC suspension produced via ultrasonication which was then left untouched for 24 
h b) CNC dispersion (2 wt. %) after milling which was allowed to stand for one month. 
 
As zirconia beads are used in the milling process, it was also necessary to know the purity of 
CNC preparation or the extent of metal ion contamination of the milled CNC. The result 
obtained from ICP-OES analysis showed a trace of metal ions including the zirconium (Zr) 
(Table 5.2). Nevertheless, the values of ‘Zr’ did not follow any particular trend with either 
concentration or duration of milling. 
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Figure 5.8 Photograph of CNC dispersions in deionised water. These samples were obtained from 
HEBM method followed by sonication A) immediately after sonication B) 1 hour post sonication 
C) 1 day post sonication and D) 2 days post sonication. 
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Table 5.2 Crystallinity (%), zeta potential (mV) of CNC obtained via HEBM method and 
the zirconium amount (ppm) present in the freeze dried CNC as obtained from ICPOES 
analysis. 
 
5.3.5 Efficiency of CNC production via HEBM 
 
Because MCC has been widely used as the starting material for the isolation of CNC, 
particularly for use as nanofillers in various polymer nanocomposite studies, we can 
compare the conditions employed and yields as listed in Table 5.3. The most common 
isolation method used was sulphuric acid hydrolysis with 64% of acid concentration. The 
solid to liquid ratio listed refers to the weight of MCC over total liquid (deionised water as 
well as acid volume) used in each hydrolysis process. In our HEBM process, several solid to 
liquid (deionised water) ratios were used, and these include 1:200, 1:100 and 1:50. 
 
In order to evaluate the efficiency of the isolation process of CNC, a comparison between 
high energy bead milling and acid hydrolysis process was made across a few important 
aspects. The determination was carried out using CNC production basis of 1 kg in lab scale 
process. A basic acid hydrolysis procedure (acid hydrolysis reaction, centrifugation, dialysis 
and freeze drying) from Bondeson et al. 200635 was referred in this calculation. In this 
process, the solid to liquid ratio used is 1:10 with a 64% acid concentration and resulting in 
a 30% production yield. Meanwhile, for HEBM process, a solid to liquid ratio of 1:50 was 
Feed 
Concentration 
(wt.%) 
Duration of 
Milling  
(min.) 
Crystallinity 
 (%) 
Zeta potential 
(mV) 
Zirconium 
amount (ppm) 
0.5 
15 92.6 -35.0 689 
30 91.5 -42.5 1164 
60 89.7 -41.0 1830 
1.0 
15 87.8 -31.0 417 
30 95.3 -31.4 1528 
60 91.0 -33.6 1449 
2.0 
15 94.6 -28.0 746 
30 92.9 -41.6 133 
60 85.9 -40.0 389 
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used resulting in a 76% production yield. Instead of using batch processing, a semi-
continuous loop milling system can be considered to afford 1.3 kg of raw feed material 
(MCC). Time duration for each process was determined from the hydrolysis process until 
freeze drying step. The dialysis and freeze drying stages in the acid hydrolysis process will 
usually take five (5) and three (3) days, respectively. Whereas for HEBM, which comprises 
the milling process and freeze drying steps, these steps consumed of one (1) and three (3) 
days, respectively. However, in energy consumption calculation for both processes, it was 
calculated by excluding the freeze drying process and measuring the equipment power usage 
(Table 5.4) involved. Table 5.5 shows the overall comparison made between the processes. 
It can be seen that the initial raw material (MCC) feed required for acid hydrolysis is 3-fold 
higher than for the HEBM process. Obviously the high consumption of acid needed to 
produce CNC via the traditional acid hydrolysis method is a substantial negative. 
Furthermore, the time required to obtain CNC from acid hydrolysis is two times longer, 
because the dialysis of cellulose suspensions takes 4-5 days to neutralize as compared to 
HEBM which doesn’t have to go through this process. Hence, despite the very high power 
consumption of the HEBM, the much longer processing times associated with acid 
hydrolysis result in significantly higher overall energy consumption (Table 5.4).  
 
 Table 5.3 Previous research of isolation from MCC via sulphuric acid hydrolysis. 
Solid to liquid 
ratio 
Reaction 
time (h) 
Temperature 
(°C) 
Yield 
(%) 
Ref. 
1:8.75 2 45 - 49, 50 
5 45 21 51 
5 45 32 52 
1:10 2 44 30 53 
2 45 30 35, 54 
1:17.5 1 45 20 55, 56 
3 45 - 57, 58 
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Table 5.4 Voltage of equipment involved in HEBM and acid hydrolysis. 
HEBM Acid hydrolysis 
Equipment Voltage (Watt) Equipment Voltage (Watt) 
Milling (Netzsch, 
Labstar) 
22300 Stirrer 15 
Hot plate 650 
Centrifuge 2065 
Ultrasonication 500 
 
Table 5.5 Comparison of 1kg of CNC production via HEBM and acid hydrolysis processes. 
Aspects HEBM Acid 
Hydrolysis 
Product yield (%) 76 30 
Initial weight of MCC(kg) 1.3 3.4 
Acid consumption (L) - 31 
Time (days) 4 8 
Energy (MJ) 80.3 922.5 
 
5.3.6 Influence of mild acid treatment 
In an attempt to obtain CNC with improved thermal stability and dispersibility, the milling was also 
performed with a mild acid (phosphoric acid). The MCC dispersions (0.5 and 2 wt. %) were milled 
with 1 wt. % of phosphoric acid (H3PO4) at 15, 30 and 60 minutes of milling time. Figure 5.9 
shows the TEM images of CNC obtained by this process. Distinctive rod-like shape can be 
identified in CNC-MPA1 and CNC-MPA2. Surprisingly, the aspect ratio of the CNC obtained via 
milling with dilute phosphoric acid was higher than the CNC obtained from milling without H3PO4. 
As can be seen in Table 5.6, their length and width ranged from between 200 and 400 nm and 7 to 
18 nm, respectively. Conversely, the remaining samples did not show distinctive shapes and thus it 
was not possible to measure the exact dimensions of these particles. It is presumed that this is due to 
the surface swelling or dissolution by phosphoric acid (Figure 5.10), and that this is also dependent 
on mill residence time.59 The swelling surfaces of cellulose make it easy to deconstruct the cellulose 
to nanosize with low energy from short milling time (30 minutes). Thus high aspect ratio of CNC 
can be produced. With suspensions of 0.5 wt. % concentration, the milling for longer times (above 
30 min) showed agglomeration (Figure 5.11). Compared to CNC-MC3 (Figure 5.5) and CNC-
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MPC3 (Figure 5.11), suggesting that with an increasing starting concentration of cellulose, HEBM 
in the presence of dilute H3PO4 may facilitate the surface swelling and agglomeration of CNC 
particles. However, milling with dilute H3PO4 has relatively improved the thermal stability when 
compared to CNC milled without phosphoric acid; for example, the onset degradation temperature 
was increased to approximately 250 °C. Furthermore, the cellulose I polymorph-crystalline 
structure was also unaffected in the preparation (Figure 5.11). 
The stability of the suspension obtained from the freeze-dried CNC obtained via milling 
with H3PO4 was also studied (Figure 5.12). Our results show that a few phosphate groups 
((PO4) -3) might possibility attach to the surface of the cellulose structure and function as a 
stabilizing agent, as the amount of acid used was low. In fact, H3PO4 is likely to have 
assisted in the isolation process. However, CNC milled with phosphoric acid recorded ζ 
potential between -23 to -38 mV (Table 5.7) showing that the CNC have moderate stability, 
similar to the CNC produced via HEBM without this acid. Table 5.7 also summarises the 
physicochemical properties of the CNC obtained via milling with dilute phosphoric acid. 
The degree of crystallinity of these CNC-MPA1 and CNC-MPC3 was between 88 and 90% 
indicating the crystalline structure of cellulose was not strongly affected by milling with 
dilute H3PO4 for short periods (Figure 5.9). Traces of Zr ions were also detected in the 
suspension.  
 
 
 
 
Figure 5.9 Schematic diagram of MCC structure after mixed with 1 wt. % of H3PO4. 
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Figure 5.10 TEM images CNCs milled with 1 wt. % of H3PO4. 
 
 
 
Table 5.6 Dimension and the production yield of CNCs isolated using HEBM with dilute 
phosphoric acid. 
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Figure 5.11 TGA thermograms (left) and XRD peaks (right) for CNCs sample from HEBM with 
phosphoric acid. 
 
 
Figure5.12 Photograph of CNC dispersion in deionised water obtained from HEBM method with 
phosphoric acid. a) after sonication b) after 1 hour c) after 1 day and d) after 2 days. 
 
Table 5.7 Crystallinity and zeta potential of CNC obtained via HEBM process with dilute 
phosphoric acid. 
 
 
 
 
Feed 
Concentration 
(wt. %) 
Duration of 
Milling  
(min.) 
Amount of 
zirconium 
(ppm) 
Crystallinity 
 (%) 
Zeta potential 
(mV) 
0.5 
15 219 88 -23.0 
30 373 88 -22.9 
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5.4 Conclusion 
Isolation of cellulose nanocrystals was successfully carried out using a high energy bead 
milling method (HEBM) with and without the aid of dilute phosphoric acid. CNC was also 
produced by ultrasonication method. Table 5.8 shows the properties evaluation of CNC 
produced by mechanical method. CNC obtained from HEBM can be considered as a green 
and clean process. CNC produced by this milling method showed distinctive rod-like or 
rice-like morphology with an average aspect ratio ranging between 20 and 26. The 
nanocrystals produced have the appropriate characteristics for reinforcing thermoplastic 
polymers as the higher surface area will increase the interaction between the filler and the 
polymer matrix. Furthermore, with the degree of crystallinity obtained, in the range of 85 to 
95%, this shows a good preservation of cellulose I crystal structure which is also important 
in transferring the mechanical properties required in nanocomposite applications. Moreover, 
the thermal properties of HEBM CNC also recorded high thermal stability values, with onset 
degradation temperatures of between 230°C – 263°C, thereby enabling them be used in 
thermoplastic manufacturing i.e. melt compounding or reactive extrusion, which usually 
involves high temperature processing. Using the HEBM process, CNC can be produced with 
a high level of scalability suggesting this method should be further explored to fulfil the 
industrial demand for CNC in various applications like surface coatings, adhesives, 
thermoplastic manufacturing etc. 
 
Table 5.8 Properties evaluation of CNC produced via ultrasonication (CNC-U), high energy bead 
milling (HEBM) (CNC-MC3) and HEBM with diluted acid (CNC-MPA1).  
Rating * 1 2 3 
Thermal stability 
  
CNC-U 
CNC-MC3 
CNC-MPA1 
Dispersibility 
(deionised water)  
CNC-U 
CNC-MC3 
CNC-MPA1 
 
Production yield CNC-U  CNC-MC3 
Environmental impact 
(Acid consumption) 
 CNC-MPA1 
CNC-MC3 
CNC-U 
Economy (processing) CNC-U CNC-MPA1 CNC-MC3 
            *1 = under average 2 = average 3 = good 
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Chapter 6 
Processing of CNCs Reinforced Thermoplastic Polyurethane Nanocomposites via Melt 
Compounding 
 
Until now, the classical melt compounding processing approach for incorporating cellulose 
nanocrystals (CNC) in to TPU has not been well-explored. This is primarily due to the poor thermal 
stability and dispersibility of CNCs. As they are typically obtained from sulphuric acid hydrolysis, 
they give rise to degradation and discolouration of the extruded nanocomposites. The investigation 
in this chapter demonstrates the incorporation of three types of CNCs with different thermal 
stabilities (as shown in Figure 6) obtained via typical sulphuric acid hydrolysis (CNC-S), 
phosphoric acid hydrolysis (CNC-P) and a novel non-hydrolytic high energy bead milling method 
(CNC-MC), in to a polyether-based thermoplastic polyurethane with a Shore A hardness of 
approximately 90, via an intermediate scale compounding using a twin screw extruder. As an 
interesting comparison, the same TPU nanocomposite formulations were also prepared and 
compared with nanocomposites processed via conventional solvent casting. 
 
 
Figure 6 Types of CNCs (possible functional groups) used for reinforcing TPU via melt 
compounding. 
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6 .1 Introduction 
Thermoplastic polyurethane (TPU) is a versatile material which has both thermoplastic and 
elastomeric properties with unique attributes, for instance, melt-processability, recyclability and 
easy to mould.1 One of the methods to improve the properties of TPU is by using reinforcing filler. 
Recently nanoscale fillers (clay, carbon nanotubes, metal and metal oxides) have been demonstrated 
to remarkably enhance the thermal, physical and mechanical properties of TPU within very low 
loading.2-4 Recently cellulose nanocrystal (CNC) has gained high attention as reinforcing filler due 
to its key attributes such as very high specific mechanical properties of individual nanocrystals and 
renewability. Moreover, CNC reinforced polymer nanocomposites can retain the transparency of 
the polymer matrix.5 With polyurethanes and different types of nanocellulose particles, remarkable 
reinforcements have been demonstrated. Specifically at a low volume fraction of CNC,  TPU 
nanocomposites has demonstrated an extraordinary increase in tensile strength without 
compromising the tensile strain and stiffness of the material.6 However, their processing involve 
solvent based (solution casting or in situ polymerisation or organogel) methods.  A conventional 
method like solvent casting is pose a challenge in terms of production speed and environmental 
issue due to  the high solvent usage.7 Thus, for TPU industrial scale production, classical melt-
processing methods such as compounding, reactive extrusion and moulding are preferred. Melt 
compounding method which has been explored with other thermoplastics whose fusion 
temperatures are below (170°C) such as poly lactic acid8 and polyethylene9, is however limited due 
to the poor thermal stability, dispersibility of CNCs and degradation in optical transparency of the 
host for most of the thermoplastics whose processing temperatures are above 170°C. In Chapter 4 
and 5, this study has earlier shown the possible approaches of isolating CNCs with enhanced 
thermal stability via mild acid hydrolysis (Chapter 4) and a mechanical milling method (Chapter 5).  
Hence, this chapter focuses on the processing TPU nanocomposites reinforced with three types of 
CNCs which were obtained via most common sulphuric acid hydrolysis(CNC-S), and phosphoric 
acid hydrolysis  (CNC-P) and acid-free high energy bead milling (CNC-MC),  via a classical melt 
compounding method using an intermediate scale twin screw extruder. Their processing and 
properties enhancement are compared with the nanocomposites processed by solvent casting 
method.  
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6 .2 Experimental 
6.2.1 Materials 
Cellulose source used was Whatman filter paper (Advantec) and commercial microcrystalline 
cellulose (Avicel PH-101). Sulphuric acid (H2SO4, 98%) and ortho-phosphoric acid (H3PO4, 85%) 
from Merck (Australia) was used in for acid the hydrolysis process. The TPU grade selected, Texin 
990, was purchased from Bayer Materials Science. This grade was specifically selected because it 
represents one of the highest selling aromatic polyether grades and is employed in a multitude of 
applications. Dimethylformamide (DMF) was purchased from Merck and used for solvent casting. 
6.2.2 Isolation of cellulose nanocrystals 
Acid hydrolysis method 
The procedure of sulphuric acid hydrolysis of cellulose to isolate CNC was described in section 
3.2.1 of Chapter 3. The CNC obtained was denoted as CNC-S. Meanwhile, acid hydrolysis of 
cellulose using H3PO4 was adapted from Camarero et al.10, with slight modification, and generally 
the procedure is very similar to H2SO4 hydrolysis. This CNC is denoted as CNC-P. 
 
High energy bead milling (HEBM) method 
Isolation of CNC via HEBM was carried out based on the work of Amin et al.11. The cellulose 
source used in this process was microcrystalline cellulose (MCC). The detailed procedure for CNC-
MC3 production has been described in section 3.2.2.2 of Chapter 3.This CNC is denoted as CNC-
MC. 
6.2.3 Processing of nanocomposites 
TPU nanocomposites reinforced with three types of CNCs were processed by melt-compounding 
using a ThermoHaake PolyLab twin-screw extruder. In these nanocomposites, CNC loading levels 
were 0.5, 1, and 5 wt. %.TPU nanocomposites prepared by solvent casting were denoted as SC-
TPU/CNC X where X represents the volume fraction of CNC. TPU nanocomposites processed via 
the melt compounding process were denoted as MC-TPU/CNC X. The methodology for both 
fabrication methods were described in section 3.2.3.2 of Chapter 3.  
6.2.4 Characterisation and mechanical testing 
The morphology and thermal stability of CNCs were characterised by TEM and TGA. The 
signature of the urethane linkage (carbonyl and amine bond) in the controls and nanocomposites 
was characterised using FTIR. The mechanical properties of TPU controls and nanocomposites 
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were measured by standard tensile, tear, creep and hysteresis tests and the thermal behaviour was 
characterised by DSC and DMA. The procedures are described in Chapter 3. 
6.3 Result and discussion 
6.3.1 Cellulose nanocrystals (CNC) 
Figure 6.1 shows the transmission electron micrographs (a-b) and thermograms (d) of the CNCs 
obtained via hydrolysis using sulphuric acid (CNC-S), phosphoric acid (CNC-P) and mechanical 
method (CNC-MC).  The dimensions of CNCs were measured from at least 10 particles using 
ImageJ analytical software. From Figure 6.1a-c, the ‘rod-like’ shape CNC can be seen clearly with 
an average aspect ratio of 13, 10 and 25, for .CNC-S, CNC-P and CNC-MC respectively. Certainly 
the HEBM process is more environmentally friendly than the acid hydrolysis methods as it was 
produced without using any acids, as well as being a more economically viable and scalable (less 
time consuming) approach to produce CNC.  
 
Figure 6.1 TEM images of CNCs produced from acid hydrolysis; a) CNC-S, b) CNC-P, c) HEBM 
method (CNC-MC) and d) their corresponding TGA thermograms. 
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Table 6.1 Dimensions and production yield of CNC isolated from the acid hydrolysis and HEBM 
methods. 
Sample Length 
(nm) 
Diameter 
(nm) 
Aspect 
Ratio 
Yield 
(%) 
Onset degradation 
temperature (Tonset)(°C) 
CNC-S 213 ±50 16  ±3 13 81 200 
CNC-P 270  ±135 26 ±13 10 62 255 
CNC-MC 424 ±90 17  ±4 25 76 258 
 
 The thermal stability of CNC was determined using thermogravimetric analysis (TGA) and the 
associated thermograms are shown in Figure 6.1. It can be clearly seen that CNC-S have the lowest 
onset degradation temperature (Tonset) noted at 200°C (Table 1). In contrast, CNC-P and CNC-MC 
recorded Tonset values of 240°C and 258°C, respectively. Despite the well-known advantages of 
CNC isolated via sulphuric acid hydrolysis in terms of stable aqueous colloidal stability, which is 
due to the negative sulphate group introduced into the surface of CNC, this method leads to poor 
thermal stability. The sulphate groups formed are known to promote dehydration reactions and act 
as flame retardants, but this characteristic also gives rise to a low nanocellulose thermal stability.12, 
13 
On the other hand, CNC-P and CNC-MC isolated from phosphoric acid hydrolysis and HEBM 
methods both clearly demonstrated a better thermal stability than CNC-S. Possibly phosphate group 
((PO4)3- ) attached on the surface of CNC-P is also able to assist with aqueous colloidal stability, 
but in this case without affecting the thermal behaviour of CNC.14 In what is a very encouraging 
result, the CNC-MC nanocellulose sample was successfully produced in a green and clean process 
(without the use of any acids or oxidising agents), and this approach also appears to have 
contributed to better thermal stability. Importantly, both of these strategies have shifted the onset 
degradation temperatures well above the typical melt compounding or reactive extrusion 
temperature window commonly employed for TPU processing (typically 180-230°C, depending on 
the TPU grade and formulation). 
 
6.3.2 Molecular weight of TPU 
The number average molecular weight (Mn), weight average molecular weight (Mw) and 
polydispersity indices of the as-received, solvent cast and melt compounded TPU specimens were 
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determined using gel permeation chromatography (GPC) and these values are given in Table 6.2. 
Compared to the unprocessed TPU control, significant decreases in molecular weight were 
observed as a result of solvent casting and melt compounding processing steps. The reduction in 
molecular weight following solvent casting may at first come as a surprise, but our process involved 
an ultrasonication step and this quite intense process has been known to cause unwanted chain 
scission during composite preparation.15 Not unexpectedly, the twin screw extrusion process 
exposed the materials to a harsher environment and processing temperatures, and this well-known 
susceptibility of TPUs to thermal and thermo-oxidative degradation must be minimised and 
monitored carefully when melt compounding.16, 17 
Table 6.2 Molecular weight of host Texin 990 TPU. 
Sample Mn Mw PDI 
ARa 176, 000 780, 000 4.4 
SCb 156, 000 473,000 3.0 
MCc 83, 000 207, 000 2.5 
                 aAs received 
                 bSolvent cast 
                 cMelt compounded 
The molecular weights of TPU after extrusion with CNCs were not measured to avoid the 
possibility of CNCs entering the GPC separation column. 
 
 
6.3.3 Physical appearance of TPU nanocomposites  
The influence of different thermal stabilities and surface chemistry of CNC on processing can be 
clearly observed in Figure 6.2 from the physical appearance of compression moulded 
nanocomposite films produced via melt compounding and solvent casting. The TPU/CNC 
nanocomposite films produced via solvent casting retained the transparency of the host TPU at low 
0.5-1 wt. % loading levels for all types of CNCs, and at the higher 5 wt. % loading the 
nanocomposites with CNC-S and CNC-MC showed just some feint discolouration. The solvent cast 
nanocomposites with CNC-P were able to retain the transparency of the host TPU even at 5 wt. %. 
However, very obvious and commercially-unacceptable colour changes (darkening) for 
nanocomposites obtained via  melt-compounding can be seen from Figure 6.2, and the order of 
extent of discolouration is as follows: TPU control (MC-TPU Control) < Nanocomposites using 
phosphoric acid hydrolysed CNCs (MC-TPU/CNC-P) << Nanocomposites using micronised CNCs 
(TPU/CNC-MC) < Nanocomposites using conventional sulphuric acid hydrolysed CNCs MC-
TPU/CNC-S. Even at 0.5 wt. % of CNC-S loading, the light brown colour of nanocomposite films 
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was noticeable. As the processing temperature employed in the extruder was about 225°C, the CNC 
isolated from sulphuric acid hydrolysis showed degradation behaviour and darkened. As reported 
previously, sulphate (SO4)2- groups, which are present on the surface of CNC might promote the 
dehydration reactions.13, 18, 19 The onset degradation temperature of CNC-P and CNC-MC stated in 
section 6.3.1 show 255 and 258 °C respectively However, the dispersibility of CNC-P (where 
phosphate groups assist in achieving superior colloidal suspension stability) is better than CNC-
MC, which also gives rise to the discolouration of nanocomposites incorporating CNC-MC. This 
strongly suggests that this discolouration in melt compounded TPU nanocomposites is due to 
relative CNC thermal stability and degradation, which in-turn leads to the aggregation of the less 
thermally stable nanocellulose. 
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Figure 6.2 Photographs of TPU control and TPU/CNC nanocomposites processed via solvent casting (bottom) and melt compounding (top). 
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6.3.4 Spectroscopic characterisation of TPU/CNC nanocomposites 
Fourier transform infrared (FTIR) spectroscopy was used to identify the network bonding of TPU 
and the effect of CNC presence in TPU nanocomposites. It can be expected that the hydroxyl 
groups and any other ionic charges available on the surface of CNC may play a critical role in 
dispersion and physical appearance of nanocomposite films. The hydroxyl groups on the surface of 
CNC may interact with polyurethane matrix chains by reacting with any free isocyanate groups 
and/or via hydrogen bonding through N-H and C=O groups. Their influence on the network 
formation was further followed by determining the association of N-H bonding quantitatively from 
the intensities and area of corresponding peaks. The ‘free’ N-H bond denotes the N-H covalently 
connected with C=O groups in the urethane linkage (represents for elastic behaviour), whereas the 
‘associated’ N-H represents the N-H bonds further associated with C=O via hydrogen-bonding 
(which represents the association in hard domains and physical network formation).20, 21, 22 
 
Figure 6.3 and 6.4 shows the FTIR spectra of TPU control and its nanocomposites obtained via 
solvent casting and melt compounding methods, respectively. The peak at 3450-3454 cm-1 
represents the stretching vibration of ‘free’ N-H bonding and the degree of association can be 
further calculated by a shift in frequency (wavenumber) to low energy region as in equation (3) 
described in Chapter 3.23 Table 6.3 shows the frequency shift (∆ʋ) (from 3451 cm-1) of the N-H 
stretching mode values, peak area of N-H and C=O groups of TPU control and its nanocomposites. 
In comparison of process, the nanocomposites processed via melt compounding have shown higher 
frequency shift than that processed via solvent casting. The shearing force in melt compounding, 
probably increase the potential of hydrogen bonding formation. Moreover, the peak at 3300 cm-1 
which represents ‘associated’/’bonded’ N-H groups has sharply increased for melt compounded 
samples. This may be related to the formation of more N-H bonding through degradation and 
transurethanisation reactions24 in nanocomposites and in Table 6.2, the TPU control itself showed a 
decrease in molecular weight probably due to chain scission upon melt compounding. TPU/CNC-S 
nanocomposites also show a decreasing trend in frequency shift and bonded N-H due to thermal 
degradation occurred in the presence of cellulose. Furthermore, an additional peak between 1620 
cm-1 and 1650 cm-1 can be seen in TPU nanocomposites via melt compounding method which may 
represents an amide (N-H) functional group. Again, this may indicates TPU nanocomposites melt 
compounded had a sign of degradation and transurethanisation reactions at elevated temperature. 
This has been discussed by several authors who investigated model compounds with MDI/BDO 
hard segments and observed that the dissociation of the free isocyanate and hydroxyl end-groups 
was the primary degradation mechanism. For instance Yang et al.17 and Martin et al.25 showed 
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significant TPU degradation and the existence of free isocyanate at the processing temperature 
above 200°C and 150°C respectively. 
 
The peaks at 1729 cm-1 and 1700 cm-1 were assigned to the “free” C=O and hydrogen bonded C=O 
respectively.23, 26 Table 6.3 shows the area of the absorbance peak of ‘free’ C=O, and ‘associated’ 
C=O for TPU nanocomposites reinforced with CNC, processed via both solvent casting and melt-
compounding methods. The increase of “free” C=O in melt compounded samples may also 
indicates the chain scission occurred which decreased the potential of network formation between 
functional group therefore shows insignificant changes in bonded C=O. Comparison based on types 
of CNCs shows that CNC-S incorporated TPU via solvent casting shows significant decrease for 
C=O group linearly with CNC loading.  
 
The influence of CNC incorporation in TPU matrix was further studied in terms of degree of phase 
separation (DPS) and degree of phase mixing (DPM).27 The degree of the carbonyl groups 
participation in hydrogen bonding can be defined by the carbonyl hydrogen bonding index, R. The 
determination has been done using equation (4), (5) and (6) described in Chapter 3.The obtained 
values of R and DPS of TPU/CNC nanocomposites are given in Table 6.4 for TPU nanocomposites 
fabricated by solvent casting and melt compounding methods, respectively. Overall, the DPM of 
melt compounded materials was not significantly influenced by cellulose addition, whereas the 
DPM values for solvent cast samples showed quite a bit of variability. This may indicate that the 
quality of TPU/CNC dispersions and some variation in, for example, rate of solvent evaporation 
depending on positioning in the purged casting oven may have affected the association of polymer 
sequences (hard segments) with CNC (for the solvent cast nanocomposites), whereas, the high shear 
and temperature control employed in melt compounding results in nanocomposites with (a) better 
distributive and dispersive mixing, and (b) more well-controlled thermal history. 
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Figure 6.3 FTIR spectra of the N-H stretching region (3350 cm-1) and C=O (1700 and 1729 cm-1) 
stretching region of TPU nanocomposites fabricated via the solvent casting method.  
 
Chapter 6 
95 
 
 
Figure 6.4 FTIR spectra of the N-H stretching region (3350 cm-1) and C=O (1700 and 1729 cm-1) 
stretching region of TPU nanocomposites fabricated via melt compounding. 
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Table 6.3 Frequency shift of the N-H stretching mode, and peak area of N-H and C=O groups of 
the TPU nanocomposites via solvent casting (SC) and melt compounding (MC) method. 
Sample 
∆ʋ (cm-1) Bonded N-H “Free” C=O 
(1729 cm-1) 
Bonded C=O 
(1700 cm-1) 
SC MC SC MC SC MC SC MC 
TPU Control 130 153 17.2 14.9 8.6 7.8 20.7 19.0 
TPU/CNC-S0.5 123 153 21.1 17.5 6.8 8.4 20.0 19.9 
TPU/CNC-S1 125 150 25.0 15.2 8.7 8.2 19.6 19.5 
TPU/CNC-S5 116 149 30.2 15.5 5.9 8.0 12.5 19.8 
TPU/CNC-P0.5 135 152 25.3 15.2 8.8 8.3 18.2 19.4 
TPU/CNC-P1 134 153 25.1 16.2 7.8 8.1 17.7 19.3 
TPU/CNC-P5 136 150 19.4 15.7 9.1 8.2 20.2 19.6 
TPU/CNC-MC0.5 134 153 18.0 15.5 8.8 8.1 20.4 19.7 
TPU/CNC-MC1 135 154 19.7 16.1 6.7 7.9 19.2 19.5 
TPU/CNC-MC5 136 149 23.8 14.7 8.6 8.4 18.3 19.7 
 
 
Table 6.4 The carbonyl hydrogen bonding index, the degree of phase separation (DPS) and the 
degree of phase mixing (DPM) in TPU/CNC nanocomposites via solvent casting (SC) and melt 
compounding (MC) method. 
Sample 
R DPS DPM 
SC MC SC MC SC MC 
TPU Control 1.68 1.68 62 63 38 37 
TPU/CNC-S0.5 1.63 1.63 66 62 34 38 
TPU/CNC-S1 1.62 1.62 60 62 40 38 
TPU/CNC-S5 1.68 1.68 62 63 38 37 
TPU/CNC-P0.5 1.54 1.54 61 60 39 40 
TPU/CNC-P1 1.65 1.65 60 62 40 38 
TPU/CNC-P5 1.63 1.63 60 62 40 38 
TPU/CNC-MC0.5 1.54 1.54 61 60 39 40 
TPU/CNC-MC1 1.65 1.65 66 62 34 38 
TPU/CNC-MC5 1.64 1.64 58 62 42 38 
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6.3.5 Thermal properties 
The thermal transition behaviour of TPU controls and TPU/CNC nanocomposites was analysed by 
differential scanning calorimentry (DSC). The associated thermograms in Figure 6.5 show at least 
five transition temperatures for the series of samples due to the disruption and fusion of different 
segmental phases. This indicates the classical multiphasic morphology of segmented 
polyurethanes.28, 29  
These endothermic transitions can be divided into four parts as follows; 
T1 (50-70°C): The ordering of hard segments containing single MDI. 
T2 (100-180°C): The glass transition of hard-segments and disruption of various degrees of short-
range hard segments (HS) composed of MDI2BDO, MDI3BDO2 blocks  
T3 (190-210°C): Higher melting hard microphase. 
T4 (211-217°C): The disruption of predominantly MDI4BDO3 and MDI5BDO4 hard segment 
structures. 
 
Table 6.5 and 6.6 summarise the transition temperatures, the glass transition temperature (Tg) and 
the ethalpy for the fusion of the hard segments in TPU fabricated via solvent cast and melt 
compounding. In general, the TPU systems and nanocomposites shows diffuse and clear differences 
in the classical thermal transition signatures that typically found in DSC and DMA as commercial 
of TPU (Texin 990) was used. The Tg of TPU control via both solvent cast and melt compounding 
are 50 and 51°C, respectively, indicating no significant change in soft domain is observed upon 
processing conditions. However, after the incorporation of CNC, the Tg of TPU nanocomposites 
was increased slightly shows the limitation in mobility of polyether sequences which attributed to 
the presence of CNC in the structure. 
 
T1 endotherm is evident in all materials at the temperature recorded in the range between 58°C and 
68°C. T1 endotherm in materials prepared from melt compounding is slightly lower shows that 
material has fewer short hard segments29 compared to solvent cast samples. T2 endothermic 
transitions can be seen in all TPU and nanocomposites as well, with temperature range between 
94°C to 169°C. Significant difference between fabrication method was observed at T3 and T4 
endotherm peak segments. These peaks exhibit distinctively in TPU nanocomposites processed via 
melt compounding method. This indicates the formation of crystal structure with long range orders 
30 in melt compunded material.  
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Figure 6.5 DSC thermograms of TPU/CNC nanocomposites processed via solvent casting (left) and 
melt compounding (right). 
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Table 6.5 Transition temperatures for TPU/CNC nanocomposites processed via solvent casting. 
 
The cumulative enthalpy (∆H) which is sum of the enthalpies of all transitions observed for samples 
are also tabulated. In comparison of control samples, TPU processed via solvent casting showed 
higher enthalpy indicating the solvent-induced ordering of polymer chains (hard-segments). In 
addition of cellulose there was no significant trend was observed in the enthalpy of TPU 
nanocomposites.  
 
As it was not possible to perform synchrotron SAXS on these systems for this project, as we have 
done previously, this study would be the most sensitive approach to resolve statistical 
morphological differences (eg average interdomain spacings, hard domain textures, effect of the 
addition of CNC nanofillers on the hard-soft microdomain interphase region).31  
 
Sample 
Tg (soft) 
(°C) 
Endotherm Peaks Hard Phase 
∆H (J/g) T1(°C) T2(°C) T3(°C) T4(°C) 
SC-TPU Control  -50 62 
 
101 
166 
- - 6.54 
SC-TPU/CNC-S0.5 -40 64 103 201 - 4.45 
  165    
SC-TPU/CNC-S1 -41 65 102 202 - 5.07 
   169    
SC-TPU/CNC-S5 -42 64 103 - - 5.84 
  152    
SC-TPU/CNC-P0.5 -43 64 100 - - 4.90 
   168    
SC-TPU/CNC-P1 -45 67 103 - - 5.76 
   159    
SC-TPU/CNC-P5 -41 66 167 - - 3.71 
SC-TPU/CNC-MC0.5 -46 68 104 - 211 5.94 
   160    
SC-TPU/CNC-MC1 -45 66 105 201 - 6.71 
   160    
SC-TPU/CNC-MC5 -40 61 101 - - 6.01 
   141    
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 Table 6.6 Transition temperatures for TPU/CNC nanocomposites processed via melt 
compounding. 
 
 
6.3.6 Thermo-mechanical properties 
 
The dynamic mechanical analysis (DMA) has been done to analyse the mechanical properties upon 
temperature dependence. DMA for every sample was carried out at least times to obtain consistent 
curve. Figure 6.6, 6.7 and 6.8 show the storage modulus (E′) and tan δ as a function of temperature 
for nanocomposites reinforced with CNC-S, CNC-P and CNC-MC, respectively. In the glassy 
Sample 
 
Tg (soft) 
(°C) 
Endotherm Peaks Hard Phase 
∆H (J/g) T1(°C) T2(°C) T3(°C) T4(°C) 
MC-TPU Control -51 59 106 176 238 3.83 
MC-TPU/CNC-S0.5 -49 60 103 183 269 4.86 
  168    
MC-TPU/CNC-S1 -45 68 105 188 251 9.91 
   170    
MC-TPU/CNC-S5 -50 64 97 183 - 4.57 
  164    
MC-TPU/CNC-P0.5 -46 58 102 176 250 4.45 
   166    
MC-TPU/CNC-P1 -46 62 107 184 232 4.45 
   166    
MC-TPU/CNC-P5 -44 62 101 185 263 6.87 
   160 
164 
   
MC-TPU/CNC-MC0.5 -46 60 99 178 231 3.94 
   162    
MC-TPU/CNC-MC1 -49 61 127 182 249 4.10 
   164    
MC-TPU/CNC-MC5 -47 63 94 186 255 5.62 
   169    
Chapter 6 
101 
 
region (below -60°C), the storage modulus for all samples has high value around 1-3 GPa which 
typically shows by multi-phasic elastomers material. By incorporating CNC at lower loading (0.5 
and 1 wt. %), the E′ of TPU nanocomposites were minimally affected. However, at 5 wt. %, the 
E′of TPU nanocomposites was increased greatly. Overall, the E’ at room temperature of TPU 
control and TPU nanocomposites is higher when prepared by melt compounding and increased 
linearly with CNC loading. This probably due to the hard microdomains is more cohesive inducing 
their filler-like reinforcement and physical crosslinking.32 The storage modulus (E′) in the rubbery 
region (0 to 100°C) of TPU control and nanocomposites samples shows different relaxation 
behaviour depending on the processing method. Overall, in melt compounded samples, the storage 
modulus decreased linearly probably represent well dispersed of CNC and hydrogen bonded/ 
associated system in the structure. Meanwhile, solvent cast samples display solvent-induced 
morphology (depending on the dispersion of CNC and crystallisation behaviour). 
Figure 6.6 Storage modulus (left) and tan delta (right) of TPU/CNC-S nanocomposites processed 
via solvent casting (top) and melt compounding (bottom).  
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In comparison of CNC types, obviously TPU nanocomposites incorporated with acid hydrolysed 
CNCs (CNC-S, CNC-P) display a strange trend of curve especially in solvent casting process. This 
may be probably due to residual of solvent (N,N-dimethyformamide (DMF)) which has been used 
as dispersion medium. However, this phenomenon was not observed significantly in TPU/CNC-MC 
nanocomposites. It looks like the acid hydrolysed CNCs have perhaps adsorbed or bound solvent, 
or are otherwise affected in some way by the swelling in DMF. 
 
Figure 6.7 Storage modulus (left) and tan delta (right) of TPU/CNC-P nanocomposites processed 
via solvent casting (top) and melt compounding (bottom). 
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Figure 6.8 Storage modulus (left) and tan delta (right) of TPU/CNC-MC nanocomposites processed 
via solvent casting (top) and melt compounding (bottom). 
 
The tan δ peak represents the soft segment glass transition temperature (Tg) and the peak values are 
given in Table 6.7. Tg measured via DMA is shifted to higher temperature with respect to Tg via 
DSC analysis due to its dependency on frequency. Overall the Tg value is in agreement with the 
results of DSC which was increased slightly after the incorporation of cellulose at low volume 
fraction. However, there is a decrease of Tg in some samples like TPU/CNC-P by solvent casting 
and CNC-S incorporating TPU via melt compounding probably cause by the CNC agglomeration 
and degradation. 
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Table 6.7 Tensile storage modulus (E′) and glass transition temperature (Tg) of TPU and 
nanocomposites. 
 
6.3.7 Mechanical properties 
In the development of polyurethane nanocomposites with nanoparticles, a significant improvement 
in tensile strength is important without compromising the elastic properties such as elongation and 
toughness. The reinforcement effect of the CNCs was investigated by measuring the tensile 
properties, tear strength, creep behaviour and hysteresis of the TPU control and its nanocomposites, 
at room temperature.  
Figure 6.12 shows the stress-strain curves of TPU control and nanocomposites produced via both 
processes and the values determined are summarised in Table 6.8. Obviously, no significant 
changes in tensile strength upon 0 to 300% of tensile strain were observed for melt compounded 
material, whereas solvent cast nanocomposites show the increase difference immediately after 50% 
of strain. The solvent cast TPU control obtained higher tensile strength than melt compounded 
materials. The reduction mostly contributed by transurethanisation reaction occurred due to the 
harsh environment in the extrusion process. 
 The tensile strength of TPU reinforced with CNC-S, CNC-P and CNC-MC shows 18%, 16% and 
14% of improvement respectively upon host polymer via melt compounding method. The increase 
was recorded at CNC loading of 0 to 1 wt. %, as it reached 5 wt.% mechanical properties of the 
composites was declined. Regarding percolation model related to volume fraction of filler, the 
Sample Storage modulus at 25 °C (MPa) Damping peak (°C)  
SC MC SC MC 
TPU Control 9.0 30.7 -15.5 -18.3 
TPU/CNC-S0.5 3.8 34.1 -8.0 -17.5 
TPU/CNC-S1 19.1 36.2 -14.8 -19.7 
TPU/CNC-S5 5.0 47.2 -10.7 -23.8 
TPU/CNC-P0.5 6.1 31.3 -14.3 -17.1 
TPU/CNC-P1 7.2 30.8 -36.5 -31.1 
TPU/CNC-P5 10.4 48.7 -37.0 -17.1 
TPU/CNC-MC0.5 4.7 28.3 -10.3 -16.3 
TPU/CNC-MC1 10.7 29.6 -13.1 -19.0 
TPU/CNC-MC5 13.3 44.7 -13.4 -19.3 
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percolation threshold for CNC previously has been determined at 1- 2 volume % 33, 34 for CNC to 
form network with polymer matrix which most probably linked by the hydrogen bonding. Thus, in 
this work, CNC loading at 5 wt. % have been assumed ineffective as reinforcing element to the 
TPU matrix. 
Moreover, elongation and stiffness at the optimum value of tensile strength were also unaffected 
indicating the soft-segment domain (rubbery property) of TPU was not disrupted by the cellulose 
addition. Furthermore, the reinforcement of CNC was also can be seen from the improvement in 
toughness and tear strength of TPU nanocomposites. These results indicate that CNCs able to work 
as an efficient stress transfer medium without disrupting the original function of the TPU 
microstructure (hard segment and soft segment). Indeed preventing the undesired stiffening with 
soft domain was able to maintain the elongation of the TPU composites.  
The strength of the material fabricated via melt compounding is competent by comparing it with 
solvent casting process. This also proved that cellulose (CNC-P and CNC-MC) able to be processed 
with high processing temperature method. 
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Figure 6.9 Stress-strain curves TPU nanocomposites fabricated via solvent casting (left column) 
and melt compounding (right column). 
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Table 6.8 Summary of tensile properties of TPU nanocomposites processed via solvent cast (SC) 
and melt compounding (MC) method. 
 
  
Sample 
 Tensile 
Stress 
(MPa) 
Tensile 
Strain at 
break 
(%) 
Modulus 
(MPa) 
Toughness 
(MPa) 
Tear 
Strength 
(N/mm) 
TPU Control 
SC 64.7 ±1 954.6 ±33 13.6 ±1 258.9 ±7 69.4 ±15 
MC 57.7±3 1041.3 ±39 11.3±1 261.5 ±18 119.9 ±4 
TPU/CNC-S0.5 
SC 67.1 ±8 925.7 ±27 17.4 ±3 255.1 ±35 88.6 ±8 
MC 67.9 ±3 1115.7 ±29 14.3 ±1 319.3 ±21 118.7±4 
TPU/CNC-S1.0 
SC 65.8 ±3 964.6 ±35 16.5 ±3 261.9 ±14 96.8 ±5 
MC 62.1 ±2 1115.4 ±26 15.0 ±1 295.8 ±12 123.2±1 
TPU/CNC-S5.0 
SC 49.4  ±4 809.2 ±49 21.6 ±4 183.9 ±17 73.7 ±11 
MC 51.3 ±1 1137.5 ±19 17.2 ±1 281.6 ±9 129.1 ±4 
TPU/CNC-P0.5 
SC 66.0 ±7 994.8 ±55 11.3 ±4 256.2 ±39 70.5 ±27 
MC 65.9 ±2 1062.4 ±24 13.5 ±1 296.9 ±13 121.7±5 
TPU/CNC-P1.0 
SC 66.2 ±6 924.1 ±21 14.0 ±1 243.4 ±20 88.6 ±3 
MC 66.8 ±1 1108.8 ±29 14.0 ±1 295.8 ±12 120.9±2 
TPU/CNC-P5.0 
SC 64.5  ±7 950.8 ±62 20.7 ±2 271.2 ±40 78.9 ±16 
MC 59.9 ±2 1063.6 ±25 16.2 ±1 280.8 ±8 123.5 ±7 
TPU/CNC-MC0.5 
SC 66.9 ±8 956.0 ±46 14.9 ±2 256.3 ±33 85.7 ±16 
MC 64.0 ±2 1062.6 ±30 12.6 ±1 290.2 ±15 113.1±6 
TPU/CNC-MC1.0 
SC 60.4 ±4 822.4 ±70 14.6 ±2 210.3 ±24 81.6 ±21 
MC 65.6 ±2 1084.7 ±5 12.4 ±1 305.9±7 125.2±7 
TPU/CNC-MC5.0 
SC 33.2  ±3 583.7 ±75 22.4 ±4 103.3 ±19 83.1 ±12 
MC 51.2 ±1 1005.6 ±20 21.1 ±1 247.2 ±10 126.6 ±4 
Chapter 6 
108 
 
6.3.8 Creep behaviour 
The material time-dependent dimensional stability or durability of TPU and TPU/CNC 
nanocomposites was determined via creep behaviour defined by tensile deformation under constant 
applied stress (2 MPa). This property usually affected by the content of hard segment in TPU 
structure.35 Figure 6.10 shows the tensile-creep curves where melt compounded materials show a 
higher value of initial deformation immediately after applying the stress. The deformation of 
materials from both methods can be considered insignificant after 6 hours of stress application 
indicating the dimensional stability of the materials. The tensile strain of TPU control for the 
solvent cast and melt compounded materials were recorded with 22% and 24% respectively. TPU 
nanocomposites reached between 15 to 20% of tensile strain after 6 hours of stress being applied. 
The tensile-creep modulus (Et) (the ratio of applied stress to tensile-creep strain) was used to 
evaluate the creep resistance of the TPU and Table 6.9 summarises the value of Et. The addition of 
CNC has increased the creep resistance of TPU linearly with CNC loading regardless of CNC’s 
type. As expected, CNC presence in the structure which possibly attached to hard-domain segment 
(nucleation point) has refrained and lowers the creep behaviour of TPU. Meanwhile from the aspect 
of processing method, the creep resistance of solvent cast material shows better performance than 
melt compounding technique. 
Table 6.9 Summary of creep modulus of TPU nanocomposites. 
Sample 
Creep modulus (MPa) 
Solvent Cast Melt Compounding 
TPU Control 25.0 ±1 23.0 ±1 
TPU/CNC-S0.5 27.8 ±2 30.3 ±2 
TPU/CNC-S1.0 24.9 ±2 35.3 ±0 
TPU/CNC-S5.0 41.6 ±8 32.9 ±3 
TPU/CNC-P0.5 27.0 ±4 27.3 ±3 
TPU/CNC-P1.0 29.8 ±1 29.3 ±2 
TPU/CNC-P5.0 39.0 ±0 33.0 ±1 
TPU/CNC-MC0.5 33.6 ±1 24.7 ±1 
TPU/CNC-MC1.0 28.2 ±4 26.2 ±0 
TPU/CNC-MC5.0 52.4 ±8 32.6 ±1 
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Figure 6.10 Tensile-creep curves of TPU nanocomposites at an applied stress 2 MPa. 
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6.3.9 Hysteresis property 
The hysteresis value reflected the energy dissipation by the polymer matrix structure or due to the 
incorporation of nanofillers into the polymer matrix. In TPU control, the hysteresis value is 
attributed to internal friction between polymer chains, breaking of hydrogen bonds and 
crystallisation.36 The test also represents the plastic deformation of the hard domains.37 Hysteresis 
was calculated on the 1st and 5th cycle using the area under the loading and unloading curves (See 
Appendix A-II) to see the behaviour of the nanocomposites under cyclic condition and results are 
given in Table 6.10 for solvent cast and melt compounded materials respectively. The same sample 
was used continuously for all strains in every set of testing.  
The nanocomposites processed via both processes, show a minimal increase in hysteresis value for 
every strain and linearly with increasing CNC loading incorporated in TPU matrix especially at 1.0 
and 5.0 wt. %. The major increase can be seen at strain of 500%. These results probably indicate 
that high surface area of CNC induced the formation of hard segment in he structure. 
 
Table 6.10 Summary of hysteresis properties of TPU nanocomposites processed via solvent cast 
calculated at 5th loading-unloading cycle to 50%, 100%, 200% and 500 % strain. 
Sample H50 
(MPa) 
H100 
(MPa) 
H200 
(MPa) 
H500 
(MPa) 
 SC MC SC MC SC MC SC MC 
TPU Control 0.3 ±0 0.2 ±0 0.8 ±0 0.6 ±0 2.3±0 2.0 ±0 10.5±0 5.7 ±5 
TPU/CNC-S0.5 0.3 ±0 0.2 ±0 0.8 ±0 0.7 ±0 2.4 ±0 2.0 ±0 11.3±2 8.4 ±0 
TPU/CNC-S1 0.4 ±0 0.2 ±0 1.0 ±0 0.7 ±0 2.7 ±0 2.0 ±0 11.8 ±1 8.4 ±0 
TPU/CNC-S5 0.6 ±0 0.3 ±0 1.4 ±0 0.7 ±0 3.4 ±0 2.0 ±0 12.6 ±1 7.6 ±0 
TPU/CNC-P0.5 0.3 ±0 0.2 ±0 0.8 ±0 0.6 ±0 2.5 ±0 2.0 ±0 10.0 ±2 9.0 ±0 
TPU/CNC-P1 0.4 ±0 0.2 ±0 1.0 ±0 0.7 ±0 2.9 ±1 2.0 ±0 11.8 ±3 9.1 ±0 
TPU/CNC-P5 0.6 ±0 0.2 ±0 1.5 ±0 0.7 ±0 3.8 ±0 2.2 ±0 13.7 ±0 9.1 ±0 
TPU/CNC-MC0.5 0.3 ±0 0.2 ±0 0.9 ±0 0.7 ±0 2.6 ±0 2.2 ±0 11.0 ±0 9.9 ±2 
TPU/CNC-MC1 0.3 ±0 0.2 ±0 0.9 ±0 0.6 ±0 2.6±0 2.1 ±0 11.2 ±0 9.3 ±0 
TPU/CNC-MC5 0.6 ±0 0.3 ±0 1.4±0 0.8 ±0 3.4±1 2.4 ±0 -c 9.2 ±0 
csample failed prior to 500% strain 
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6.4 Conclusion 
Three types of CNCs isolated via sulphuric acid hydrolysis (CNC-S), phosphoric acid hydrolysis 
(CNC-P) and mechanical milling method (CNC-MC) were successfully incorporated into 
thermoplastic polyurethane (TPU) via melt compounding method. These nanocomposites were 
compared with that processed via conventional solvent casting method. The thermally stable CNCs 
(CNC-P and CNC-MC) have demonstrated the melt processability with polyether based 
thermoplastic polyurethane (TPU) without affecting the optical transparency, whereas, CNC-S has 
shown the degradation (transurethanisation) behaviour. Remarkable reinforcement effect has been 
observed for nanocomposites with all the three CNCs, in terms of improvement in tensile strength 
and toughness without affecting elongation. The properties enhancement has been related to the 
structural-morphology changes induced by CNCs, as observed from spectral analysis, thermal 
transition behaviour and thermo-mechanical properties of TPU nanocomposites. At very low 
concentrations (0.5 and 1 wt. %) the nanocomposites with CNC-P and CNC-MC have also shown 
improvement in creep modulus and hysteresis properties.  
It can be summarised (Table 6.11) that CNC isolated via mild acid hydrolysis and an optimised 
mechanical milling methods, can be easily processed via large scale melt-processing techniques for 
reinforcing thermoplastic polyurethanes (at 0.5-1 wt. %) without affecting their physical appearance 
and elastic properties.  
Table 6.11 Performance of TPU/CNC nanocomposites via melt compounding method. 
Rating * 1 2 3 
Optical property TPU/CNC-S TPU/CNC-MC TPU/CNC-P 
Tensile strength  TPU/CNC-MC 
TPU/CNC-P 
TPU/CNC-S 
Toughness  TPU/CNC-P TPU/CNC-S 
TPU/CNC-MC 
 
Elasticity TPU/CNC-S TPU/CNC-MC TPU/CNC-P 
               *1= under average 2= average 3= good 
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Chapter 7  
Processing of Cellulose Nanocrystals (CNC) Reinforced TPU Nanocomposites via Reactive 
Extrusion 
 
The production and use of a new class of polyurethane nanocomposites reinforced with renewable 
nanoparticles has to date been limited by the poor processability, renewable nanofillers thermal 
stability and scalability via classical extrusion methods. To address this limitation, we have 
investigated acid-free deconstruction of cellulose nanocrystals and organic solvent-free processing 
of the thermoplastic polyurethane nanocomposites via a scalable reactive extrusion processing 
methodology. An aqueous suspension of microcrystalline cellulose (MCC) was first deconstructed 
into cellulose nanocrystals (CNC) using acid-free high energy milling. These CNC were then 
dispersed in polyol as functional nanofillers, and this was also achieved using a scalable high 
energy milling method. After carefully drying this polyol-CNC suspension using wiped film 
vacuum distillation, a series of TPU nanocomposites were reactively extruded by polymerising this 
polyol-CNC dispersion with 1, 2-butane diol and 4,4'-diphenylmethane diisocyanate. Microscopic 
analysis showed that in-situ deconstruction of cellulose micro particles into nanocrystals in water is 
a cleaner process than the regular acid hydrolysis method. The enhanced thermal stability of these 
in-situ deconstructed CNC allowed them to be successfully processed with TPU precursors at 
typical reactive extrusion temperatures (175-190°C) and residence times. Unlike the case where 
TPU-CNC nanocomposites are prepared by the simple process of solvent casting and annealing cast 
films, reactive extrusion of these systems is a highly complex, non-equilibrium process. The 
introduction of nanofillers can effect rheology, stoichiometry, the order in which precursors 
polymerise and therefore also the evolution of and final hard-soft microdomain structure in the 
TPU. Nevertheless, the incorporation of very low level loadings (0.5 and 0.8 wt. %) of CNC was 
associated with some remarkable enhancements in tensile properties (strength, toughness), and 
importantly, these were achieved without a significant increase in the tensile modulus and with the 
retention of elastic properties including elongation, creep resistance and resilience. Therefore, 
herein we report a substantially more sustainable production method for TPU-CNC 
nanocomposites.  
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7 .1 Introduction 
The selected processing route of polymer nanocomposites depends on the physico-chemical and 
thermal properties of polymer and nanoparticles, as well as the processing efficiency and desired 
properties of the final product.1 Cellulose nanocrystals (CNC), which can be deconstructed most 
commonly from plant biomass, or less commonly some marine animals called tunicates or “sea 
squirts”, are explored as sustainable nanoparticles for polymer reinforcement.2 These renewable, 
biodegradable, low cost and low toxicity nanocrystals exhibit attractive mechanical properties 
(strength and stiffness) at low specific density.2 Nanocomposites with CNC can be processed via 
five different pathways.3 The first and most common route is the ‘solution method’ or ‘solvent 
casting method’ in which CNC is first dispersed in a solvent which the host polymer is mutually 
soluble or dispersible in latex form, followed by casting and drying (evaporation of solvent).4-8 In 
the second route, ‘in-situ polymerisation’, CNC is dispersed well in the monomers/ (with or without 
the use of solvent) and subsequently polymerised/cured further to obtain the nanocomposites.9-11 
The third method is based on a solvent exchange sol-gel process where firstly a template consisting 
of a CNC-based percolating network is formed from a homogeneous dispersion of CNC by 
successive solvent exchange with the solvent in which cellulose nanocrystals are not dispersible and 
the polymer/monomer is then imbibed into it.12-14 This ‘template or sol-gel method’ is versatile and 
it becomes very important for achieving a high level of dispersion (even in hydrophobic polymers) 
and transport properties where the percolating network of CNC plays a vital role. The fourth 
method is a conventional ‘melt blending’ method where CNC can be melt blended with any 
polymer whose softening or melting temperature is below the degradation temperature of CNC. To 
alleviate the poor dispersion, surfactants or compatibiliser are very often used, especially with most 
common non-polar, hydrophobic polymer matrices.15-17 The last and most scalable method, which is 
indeed employed for TPU manufacture by all of the largest TPU manufacturers such as BASF, 
Lubrizol and Bayer, is called reactive extrusion. This process will be described later in this chapter. 
Despite the remarkable improvements in the field of cellulose reinforced polymer nanocomposites, 
the transition from laboratory to widespread application can be only achieved through the industrial 
scale production at a favourable cost/performance ratio.  
 
Thermoplastic polyurethanes (TPU) are regarded as a unique category of plastics as they are 
incredibly versatile and tailorable and offer the mechanical performance of rubbers, but can be 
processed as thermoplastics via classical melt processing techniques. TPU has gained utility across 
many applications sectors, for instance in biomedical, coatings, adhesives, film and engineering 
materials. This is not only due to their properties like high elongation, tensile strength and elasticity, 
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but also due to their resistance to oils, grease, solvents, chemicals and abrasion.18, 19 Their properties 
and performance can be tailored either by adjusting the hard or soft segment sequence length or 
composition ratio, or alternatively through the reinforcement with microscale or nanoscale fillers. In 
the development of high-performance TPU, though the improvements in mechanical properties and 
performance can be achieved with inorganic nanoparticles, CNC are offer new attractive traits from 
the perspective of optical properties (transparency), sustainability and health and safety concerns. 
To date, academic communications for TPU nanocomposites with rod-like CNC nanofillers have 
been so far been processed via i) dispersion of CNC or organogels of CNC in TPU solution or 
waterborne polyurethane host polymer systems,20 ii) dispersion of microcrystalline cellulose (MCC) 
particles or CNC in solvent (N,N-dimethyl formamide) and monomers, followed by two-step in-situ 
polymerisation, and then subsequent solvent evaporation.21, 22 Nanocomposites with filament-like 
cellulose nanofibrils (CNF) have also been prepared by compression moulding of the stacks 
comprising polyurethane films and mats of CNF.23-25 In the TPU nanocomposites with CNC 
loading above 5 wt. % and/or the threshold percolation limit, dramatic enhancements in stiffness 
have been reported due to the both polymer-filler and filler-filler interactions via secondary van der 
Walls forces and hydrogen bonding from the surface hydroxyl groups of cellulose nanocrystals. 
These stiffness increases are generally undesirable for TPU elastomers. 
 
At the low volume fractions (0-5%) of CNC, the prepared TPU/CNC nanocomposites have 
exhibited remarkable improvements in tensile strength and toughness, specifically the 
nanocomposites prepared via in-situ solution polymerisation have shown up to an 8-fold increase in 
strength values at 1 % v/v of CNC loading. Despite their improvements in properties, all of these 
studies have relied on the wet processing methods with the usage of unacceptable amounts of 
solvents. For the industrial-scale production of polymer nanocomposites, melt compounding or 
reactive extrusion processing methods using existing extrusion and moulding facilities are desired 
as they are economically viable and relatively environmental friendly. Melt processing methods of 
TPU/CNC nanocomposites are currently limited by the poor dispersibility and low thermal stability 
of CNC. Most commonly, the hydrolysis of cellulose using sulphuric acid is adopted, as it results in 
CNC with high crystallinity, appreciable production yield and attractive dimensionality. The CNC 
isolated from this process generally exhibit low thermal stability due to the dehydration, 
degradation and charring facilitated by the sulphate groups left on the CNC. We have recently 
reported that CNC can be isolated with enhanced thermal stability and high production yield, from 
commercially available microcrystalline cellulose (MCC) via mechanical methods such as 
sonication and high energy bead milling (HEBM) without the use of any strong acids like sulphuric 
acid. 26 
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In this study, we aimed to deconstruct MCC into CNC via sonication in water and then HEBM. 
Hence, herein we report the environmentally friendly and scalable processing of TPU/CNC 
nanocomposites, by first dispersing MCC in deionised water, followed by in-situ deconstruction 
CNC in polyol using high energy bead milling and then followed by reactive extrusion (REX) of 
the precursors (Figure 7.1). We also demonstrate the subtle changes in morphology at different 
isocyanate/hydroxyl stoichiometric ratios and CNC addition levels, and finally report some 
significant enhancement tensile properties at very low loadings (0.5 and 0.8 wt. %) of cellulose. 
Figure 7.1 Schematic representations of a scalable, acid and organic solvent-free in-situ 
deconstruction of CNC and reactive extrusion of TPU/CNC nanocomposites. 
7.2 Experimental 
7.2.1 Materials  
4, 4’- diphenyl –methane diisocyanate (MDI, Aldrich) and 1,4-butanediol (BD) were used as 
received as well as Poly (tetramethylene glycol) (PTMEG, Mn = 1000). Commercial 
microcrystalline cellulose (MCC) (Avicel PH-101), delivered as a dry powder was used directly in 
nanocomposites preparation.  
7.2.2 In-situ deconstruction of MCC into CNC in polyol via a scalable method 
The cellulose was first introduced in the polyol via a scalable mechanical method. First the aqueous 
suspension of cellulose was prepared via dispersing the quantified amounts (aiming for 0.5 and 0.8 
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wt. % CNC in the final nanocomposites) of MCC in deionised water by stirring overnight (12 h) 
and followed by sonication for 3 h in a bath sonicator. This was subsequently introduced into 
poly(tetramethylene glycol) (PTMEG) and stirred for 12 h. To ensure the homogeneous dispersion, 
the polyol-CNC dispersion was further homogenised using a portable rotor-stator homogeniser for 1 
min (2 x 30 seconds). This suspension was milled with 0.4 mm beads in an agitator bead mill 
(LabStar via Netzsch, Selb/Bavaria) at a speed of 1500 rpm and 40°C for 4 h with continuous 
circulation. This polyol-CNC suspension was further dried using a thin/wiped film evaporator 
(VTA, Niederwinkling, Germany) to a moisture level of less than 300 ppm and purged with 
nitrogen gas during storage and handling. 
7.2.3 Reactive extrusion of polyurethane nanocomposites 
Description of reactive extrusion process has been mentioned in section 3.2.3.3 of Chapter 3. Table 
7.1 summarises the flow rates and conditions (torque and die pressure) used during processing of 
nanocomposites at different stoichiometric ratios where the samples are labelled as ‘TPU-CNCX/Y’ 
in which X and Y denote the CNC weight fraction in the composite and reaction stoichiometry 
respectively. 
 
Table 7.1 Reagent flow rates and processing condition used for producing control TPU and its 
nanocomposites.  
Sample Polyol flow 
rate (g/hr) 
MDI flow 
rate (g/hr) 
BDO flow 
rate (g/hr) 
Torque 
(%) 
Die Pressure 
(bar) 
TPU Control 0.99 1791.6 1150.2 256.8 26-27 15-16 
TPU Control 1.0 1791.6 1161.6 256.8 32-33 17-19 
TPU Control 1.01 1791.6 1173.0 256.8 43 33 
TPU-CNC0.5/1.0 1806.5 1161.6 256.8 32 20 
TPU-CNC0.5/1.01 1806.5 1173.0 256.8 41-42 26 
TPU-CNC0.5/1.02 1806.5 1184.0 256.8 46-47 35-37 
TPU-CNC0.8/1.01 1817.0 1173.0 256.8 43-44 31-32 
TPU-CNC0.8/1.02 1817.0 1184.0 256.8 45 39 
TPU-CNC0.8/1.03 1817.0 1195 256.8 46-47 39-41 
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7.3 Results and discussion 
 
7.3.1 In-situ deconstruction and dispersion of CNC in polyol 
Microcrystalline cellulose (MCC) was first deconstructed in deionised water to 
smaller/nanoparticles by mechanical stirring and sonication method and subsequently in polyol by 
high energy bead milling (HEBM) method. This strategy is based on earlier demonstration 26 that 
cellulose nanocrystals (CNC) can be deconstructed from MCC in water by mechanical methods 
(sonication, milling). Figure 7.2 shows the TEM image and TGA thermogram of CNC from the 
aqueous suspension obtained after ultrasonication of MCC. In Figure 3(a), well separated rod-like 
CNC with average dimensions ~ width 30 nm x length 500 nm can be predominantly seen. 
However, partially deconstructed or bundles of CNC (~70 nm x 900 nm) were observed indicating 
the CNC tend to form larger agglomerates due to the strong secondary interactions between CNC. 
Thermal stability of these CNC was also investigated by thermogravimetry in order to ensure the 
processability at typical TPU processing temperatures. Figure 3(b) shows the onset degradation 
temperature (Tonset  = 285°C) for CNC, although it is slightly reduced from MCC (Tonset  = 295°C). 
Meanwhile Figure 4 (a) shows the TEM images of the cryo-tomed dispersion of polyol and 
cellulose obtained after 4h of micronising and drying. The forces exerted between the colliding 
beads during the milling process may additionally fibrillate and deconstruct further the bundles or 
agglomerates of the CNC in polyol. Since the dispersed CNC have a low electron density, and can 
act as nucleation or association surfaces for the crystallisation of the polyol oligomer, it was very 
difficult to distinguish CNC clearly in the polyol matrix. Based on the TEM image of CNC (Figure 
3(a)) and reported studies26, 27 on sonication and milling, in-situ deconstruction of MCC in water 
into CNC is evident. The TEM image of the polyol-CNC dispersion (Figure 7.3 (a)) shows the 
crystallised polyol arranged around the CNC as fibril shaped aggregates. The aggregates show 
melting/diffusion temperature ~20°C in thermogram analysed by differential scanning calorimetry 
(Figure 7.3 (b)), with only a slight increase in the enthalpy of fusion. 
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Figure 7.2 a) TEM image, and b) TGA thermogram of CNC obtained from MCC after 
ultrasonication. 
 
A distinctive endothermic peak can be seen in Figure 7.3(b) for polyol and polyol-CNC dispersions 
with 0.8 and 1.4 wt. % CNC. The enthalpy of fusion for polyol control was 79.9 Jg-1and it increased 
slightly up to 83.2 and 81.4 Jg-1 for polyol-CNC0.83 and polyol-CNC1.4 respectively. A slight 
increase in enthalpy could be related to possible hydrogen bonding between polyol (PTMEG 1000) 
and cellulose nanocrystals. This was further investigated by the rheological measurements. In 
Figure 7.3(c), an increase in shear viscosity of polyol can be clearly seen upon CNC incorporation 
which can be attributed to the greater interaction between cellulose nanocrystals (with high surface 
area) and polyol through van der Walls interaction and hydrogen bonding. This viscosity increase 
had a significant effect on further processing of nanocomposites, and so CNC loadings would 
practically have to be kept to a minimum, or the selection of polyols with lower viscosities would 
have to be considered. 
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Figure 7.3 (a) Cryo-TEM images of solidified the polyol-cellulose suspension after 4 hours of 
milling, (b) Heat flow of polyol control and polyol dispersed with CNC. (c) Viscosity as a function 
of the shear rate of polyol control and polyol-CNC dispersion. 
 
The increase in viscosity has significant effect on further processing of TPU nanocomposites. A 
distinctive endothermic peak can be seen in Figure 4(b) for polyol and polyol-CNC dispersions with 
0.8 and 1.4 wt. % CNC. The enthalpy of fusion for polyol control was 79.9 Jg-1and it increased 
slightly up to 83.2 and 81.4 Jg-1 for polyol-CNC0.83 and polyol-CNC1.4 respectively. A slight 
increase in enthalpy can be related to possible hydrogen bonding between polyol (PTMEG 1000) 
and cellulose nanocrystals. This was further investigated by the rheological measurements. In 
Figure 7.3(c), an increase in shear viscosity of polyol can be clearly seen upon CNC incorporation 
which can be attributed to the greater interaction between CNC (with high surface area) and polyol 
through van der Walls interaction and hydrogen bonding. 
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7.3.2 Processing of TPU via reactive extrusion 
 
The bulk polymerisation of TPU control and TPU-CNC nanocomposites were carried out in an 
intermeshing twin screw extruder on a very typical commercially relevant aromatic polyether TPU 
of intermediate Shore Hardness (this represents the largest volume selling TPU for most 
manufacturers and is why this grade was selected). The course of the reaction was monitored via the 
change in torque (viscosity) as well as keeping an eye on the colour and the physical appearance of 
the extrudates. In a zone 1, the precursors appeared as clear liquids, in zone 7 as a white turbid 
liquid and subsequently as a transparent molten semi-solid material in the die zone. The change in 
stoichiometric ratio was also optimised based on the appearance in zone 7 and the die zone. 
Compression moulding of the extrudates from TPU and TPU-CNC nanocomposites resulted in 
readily melt processable clear and transparent films (Figure 7.4). The polymerisation was further 
characterised by determining the number average molecular weight (Mn) and weight average 
molecular weight (Mw) of TPU control and performed using gel permeation chromatography 
(GPC). TPU control at stoichiometric of 0.99 has shown Mn about 45,000 with PDI of 2.4 and with 
the increase of stoichiometric to 1, the Mn has slightly increased to 49,000 with reduction in PDI to 
2.3 indicating the equimolar ratio of isocyanates and polyol. Further increase in stoichiometric to 
1.01, the molecular weight of TPU has shown significant increase in Mn to 80,000 with PDI 2.4. 
Above 1.01, the extrudates material produced was a white turbid semi-liquid indicating the presence 
of unreacted excess isocyanate. The molecular weights for the cellulose nanocomposites were not 
measured due to the practical difficulties and to avoid the possibility of nanocellulose entering into 
the chromatographic separation column. 
 
Figure 7.4 TPU films after melt compression and annealed at 80°C under vacuum condition for 
TPU Control 1.0 (left) and TPU with 0.8 wt. % of CNC loading (right).  
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7.3.3 Spectroscopic characterisation of TPU/CNC nanocomposites 
FTIR spectroscopic analysis was carried out to examine the effect of cellulose presence and 
stoichiometric changes in thermoplastic polyurethane (TPU control) and its nanocomposites. 
Microcrystalline cellulose (MCC) that facilitated with a hydroxyl group on its surface may play a 
significant role in TPU polymerisation. The hydroxyl group may participate in network formation 
(hydrogen bonding) with N-H and C=O functional groups in hard sequence residues, thus 
influencing the ultimate TPU microphase architecture. The influence on the network formation was 
further determined via the association of N-H bonding quantitatively from measuring the relative 
intensities of corresponding FTIR peaks. The ‘free’ N-H bond represents the N-H covalently 
connected with C=O groups in the urethane linkage, whereas the ‘associated’ N-H represents the N-
H bonds associated with C=O via hydrogen-bonding (which indicates the degree of association in 
hard-domains and physical network formation). 25, 29 
 
The degree of association of N-H bonds can be calculated by a frequency shift (wavenumber) from 
the stretching vibration peak of ‘free’ N-H bonds at 3450-3454 cm-1 to low energy region as shown 
in Figure 7.5. In comparison (Table 7.2), a slight reduction in the associated ‘N-H’ bonds can be 
observed after incorporating CNC with increasing stoichiometric ratio. This slight decrease can be 
related to the reduction of association or the hydrogen-bonding in hard and soft segment domains 
identified as ester-urethane and urethane-urethane hydrogen bonding. Peaks as shown in Figure 7.5 
at 1729 cm-1 and 1700 cm-1 were assigned to the ‘free’ C=O and hydrogen bonded C=O 
respectively.28, 29 The intensities of the absorbance peak for ‘associated’ N-H, ‘free’ C=O, and 
‘bonded’ C=O can also be seen in Table 7.2. Significant changes in ‘bonded’ C=O were only 
observed for TPU control 0.99 with respect to TPU control 1.0 and the ‘free’ C=O peak intensity 
was slightly increased upon nanocellulose addition.  
 
The influence of stoichiometric ratio and incorporation of CNC was further analysed in terms of 
degree of phase separation (DPS) and degree of phase mixing (DPM) determined using equation 
(4),(5) and (6) in Chapter 3. Table 7.3 shows the R, DPS and DPM values for TPU control and its 
nanocomposites, where R represents the carbonyl hydrogen bonding index, DPS represents the 
degree of carbonyl group association via hydrogen bonding in hard segment-hard segment 
interactions whereas DPM denotes the degree of C=O group association in hard segment-soft 
segment interactions.30, 31.  
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Figure 7.5 FTIR-spectra of the (left) N-H stretching region and (right) C=O stretching region of 
TPU nanocomposites sample with stoichiometric (NCO/OH) values from 0.99 to 1.03. 
 
Table 7.2 Area of the absorbance peak of hydrogen bonded N-H groups, “free” C=O groups and 
bonded C=O groups as a function of the TPU nanocomposites with various stoichiometric ratios. 
Sample ∆ʋ (cm-1) Bonded N-H 
“Free” C=O 
(1729 cm-1) 
Bonded C=O 
(1700 cm-1) 
TPU Control 0.99 129 16.2 18.6 4.0 
TPU Control 1.0 130 19.7 18.4 7.9 
TPU Control 1.01 131 17.2 19.5 7.7 
TPU-CNC0.5/1.0 125 16.9 18.4 6.0 
TPU-CNC0.5/1.01 126 17.7 19.2 7.8 
TPU-CNC0.5/1.02 126 16.2 19.1 6.9 
TPU-CNC0.8/1.01 130 17.1 19.5 8.0 
TPU-CNC0.8/1.02 128 16.3 20.2 8.0 
TPU-CNC0.8/1.03 130 17.4 20.1 8.2 
 
DPM values for TPU controls are lower for the samples outside the stoichiometric ratio of 1, with 
+/- 0.01 offset from the ‘TPU Control 1.0’. Among the nanocomposites, TPU-CNC0.5/1.0 showed 
a lower DPM value than all others. This was attributed to the additional consumption of isocyanate 
by the additional hydroxyl groups available on the CNC. It is proposed that during the early stages 
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of TPU-CNC polymerisation, that the MDI reacts preferentially with the CNC, and if insufficient 
additional MDI is not available to build high molecular weight and therefore viscosity, one might 
expect this would result in a low molecular weight, more phase separated product. We also have 
had extensive experience of this in the Martin Group and TenasiTech start-up company, where 
organoclay nanofillers with –OH functionality were observed to consume additional isocyanate and 
“ideal isocyanate indexes” in these nanocomposite systems required shifting to higher values 
(~1.01-1.02). Furthermore, these reactive extrusion experiments required three full-time staff and 
many days, so based on our prior knowledge and observations we decided to make a judgement call 
and run these TPU-CNC systems using a higher-than-normal isocyanate index. This decision 
appears to be justified. Further increases in the isocyanate/OH ratio in the CNC nanocomposites led 
to DPM and DPS values which were closer to the TPU Controls with indexes 1.0 and 1.01. This, 
albeit indirectly indicates that the molecular weight and degree of phase separation of the TPU 
nanocomposites had been recovered. This observation is slightly different from the TPU/CNC 
nanocomposites that employ our very flexible and high aspect ratio spinifex-derived CNC (with 
diameter ~3-7 nm), where the enhanced mixing of phases was observed, as discussed in Chapter 8. 
In this current system, physical nucleation of the hard segments on the surface of CNC can be 
expected to predominantly occur upon the cellulose incorporation and increasing of NCO/OH ratio.  
 
Table 7.3 The carbonyl hydrogen bonding index, the degree of phase separation (DPS) and the 
degree of phase mixing (DPM) in TPU-CNC  nanocomposites by reactive extrusion process.  
 
Sample  A1700 A1729 R DPM DPS 
TPU Control 0.99 0.69 0.39 1.77 36 64 
TPU Control 1.0 0.67 0.43 1.56 39 61 
TPU Control 1.01 0.70 0.41 1.71 37 63 
TPU-CNC0.5/1.0 0.69 0.34 2.03 33 67 
TPU-CNC0.5/1.01 0.69 0.41 1.68 37 63 
TPU-CNC0.5/1.02 0.70 0.37 1.89 35 65 
TPU-CNC0.8/1.01 0.69 0.43 1.60 38 62 
TPU-CNC0.8/1.02 0.69 0.42 1.64 38 62 
TPU-CNC0.8/1.03 0.69 0.44 1.57 39 61 
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7.3.4 Thermal properties 
The changes in the thermal transitions for TPU and nanocomposites were further studied by 
differential scanning calorimetry (DSC). The multiple endothermic transitions which can be 
observed in Figure 7.6 for all the samples can be ascribed to the disruption and fusion of different 
phases and in different length scales 32-35 as described below: 
 
T1 (50-70°C): The ordering of hard segments containing single MDI  
T2 (100-180°C): The glass transition of hard-segments and disruption of various degrees of short-
range hard segments (HS) composed of MDI2BDO, MDI3BDO2 blocks  
T3 (190-210°C): Higher melting hard microphase. 
T4 (211-217°C): The disruption of predominantly MDI4BDO3 and MDI5BDO4 hard segment 
structures. 
These transitions are characteristic to the typical multi-phasic thermoplastic polyurethanes. Table 
7.4 summarises the multiple endothermic transitions, the glass transition temperature (Tg) and the 
enthalpy for the fusion of the hard segments. Overall, these TPU systems and nanocomposites 
display very diffuse and subtle differences in the classical thermal transition signatures commonly 
observed in DSC and DMA traces. This suggests that high quality TPU elastomers and composites 
have been made, and without gross microstructural deviations. Unfortunately in this project it was 
not possible to perform synchrotron SAXS on these systems, as we have done previously.36 Indeed 
this would be the most sensitive approach to resolve statistical morphological differences (eg 
average interdomain spacings, hard domain textures, effect of the addition of CNC nanofillers on 
the hard-soft microdomain interphase region).36  
 
 
Figure 7.6 DSC thermograms of TPU control and TPU-CNC nanocomposites. 
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The Tg is slightly increased upon the CNC incorporation indicating restriction in mobility of 
polyether sequences. This may be attributed to the presence of CNC in the structure. In T1 and T2 
range, CNC incorporated nanocomposites exhibited a small changes in the transition temperature. 
In the T3 range, the endothermic peak is not distinguishable for nanocomposites with 0.5 wt. % of 
CNC in all stoichiometric ratios tested. However, with 0.8 wt. % of CNC, T3 transition appeared 
specifically for high NCO/OH ratio. This indicates that at 0.5 wt. % of CNC incorporation, the hard 
domain formation is not affected significantly and it represents well dispersed system with smaller 
nanocrystals and physical nucleation of polymer chains (hard segments) on the CNC. This CNC has 
induced hard domain formation via attachment of hard segments on the surface of CNC, was clearly 
distinguishable at higher CNC concentration (0.8 wt. %) as T4 endothermic peaks which are 
responsible for longer hard segment units in the chains, did not show clear trend upon CNC 
addition, although ‘TPU-CNC 0.5/1.01’ and ‘TPU-CNC0.8/1.01’ showed a slight increase in T4 at 
lower stoichiometric ratio. The changes observed in T3 and T4 may also be related to the presence 
of possible bundles of CNC. 
 
Table 7.4 Transition temperatures and enthalpies of TPU control and TPU-CNC nanocomposites. 
Sample 
Tg (soft) 
(°C) 
Endotherm Peaks Hard 
Phase 
∆H (J/g) 
T1(°C) T2(°C) T3(°C) T4(°C) 
TPU Control 1.00 -55 69 102 190 242 3.35 
   174 205   
TPU-CNC 0.5/1.0  -48 72 108 - 225 6.01 
   167    
TPU-CNC 0.5/1.01 -48 68 106 - - 7.25 
  168    
TPU-CNC 0.5/1.02 -44 - 137 - 260 3.88 
  169    
TPU-CNC 0.8/1.01 -49 68 105 - - 2.59 
  173    
TPU-CNC 0.8/1.02 -43 70 103 203 245 4.55 
   137    
   174    
TPU-CNC 0.8/1.03 -46 68 105 208 - 3.12 
  168    
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7.3.5 Thermo-mechanical properties 
The temperature dependence of mechanical properties in the linear viscoelastic region was 
measured by the dynamic mechanical analysis (DMA). Figure 7.7(a) shows the storage modulus 
(E′) and loss tan δ (E′′/E′) curves as a function of temperature. E′ for almost all of the samples 
change upon temperature typically observed for multi-phasic elastomers material, i.e. a high value 
(~2-3 GPa) in the glassy regime (below -60 °C) where the motion of macromolecular chains is 
restricted. Then a decrease in E′ of the rubbery regime was observed. The storage modulus values at 
a room temperature for TPU control and nanocomposites are summarised in Table 7.5. Insignificant 
increase in E′ was observed for CNC incorporated with TPU and a slight decrease in E′ for 
nanocomposite with the increase of cellulose loading and stoichiometry ratio. This may indicates 
the probability of a physical nucleation was occurred on the hard segment domain formation by 
CNC with less chemical interaction. The slope of the curve in the rubbery region which may 
indicate the degree of hydrogen bonding remains still unaffected significantly indicating that the 
molecular motion of the matrix in the nanocomposites was not affected at these loading levels. The 
degree of order and the freedom of motion of the macromolecules in the soft domain can be 
observed from the broadness and height of the damping peaks.37 
 
 
Figure 7.7 a) Storage modulus and b) tan delta of TPU nanocomposites as a function of 
temperature. 
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Table 7.5 Storage modulus at room temperature and the glass transition temperature (Tg) of 
composites obtained from damping factor (tan δ). 
 
 
 
 
 
 
 
 
 
 
 
In Figure 7.7 (b), the TPU control shows a broad damping peak (-65 to 30°C) with the maximum at 
-26.6°C indicating that primary relaxation of soft segments/domains from the glassy state is wide 
due to the different length scales of soft domains mixed in the system. The peak area and height are 
unaffected by the cellulose incorporation at stoichiometries of 1.00 and 1.01. A glass transition 
temperature (Tg) represented by damping peak and the value as given in Table 7.5. Obvious 
increase of Tg can be seen with cellulose addition and linearly with stoichiometric ratio indicating 
the motion of the molecules in the TPU nanocomposites was restricted in comparison with TPU 
control. 38, 39 This suggested the larger CNC could be tethered between hard domains and reduced 
the chain mobility of soft domains.40 
 
7.3.6 Mechanical properties 
To investigate the effect of in-situ deconstructed CNC as reinforcing phase in the polyurethane 
nanocomposites, tensile properties, tear strength, creep behaviour and hysteresis values were 
measured. Tensile stress-strain curves of the TPU control and TPU nanocomposites are shown in 
Figure 7.8 (a), where no significant change in stress at the low strain region (below 200%) and 
significant enhancement in high strain region can be clearly seen for CNC incorporated 
nanocomposites with different stoichiometric ratios as well. Tensile strength, strain, Young’s 
modulus, and toughness values obtained from these curves are summarised in Table 7.6.  
Sample Storage Modulus at 
Room Temperature 
(MPa) 
Damping peak 
(°C) 
TPU Control 1.00 37.0 -26.6 
TPU-CNC 0.5/1.00 37.5 -22.9 
TPU-CNC 0.5/1.01 37.7 -19.8 
TPU-CNC 0.5/1.02 29.1 -16.7 
TPU-CNC 0.8/1.01 33.8 -21.4 
TPU-CNC 0.8/1.02 35.0 -16.7 
TPU-CNC 0.8/1.03 36.3 -14.1 
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Figure 7.8 a) Tensile stress-strain curves where inset shows no significant change in the slope of 
the curves at low strain regime, b) Tensile-creep curves of TPU nanocomposites at an applied stress 
2MPa of TPU control and TPU-CNC nanocomposites c) Effect of stoichiometric ratio to tensile 
stress and strain of TPU-CNC nanocomposites. 
 
A very slight increase in Young’s modulus and decrease in tensile strain TPU can be observed with 
CNC incorporated nanocomposites. This could be a low mobility of chains due to the CNC’s 
presence as discussed in DSC and DMA analysis. However, the soft segments are still able to rotate 
and deform under tensile stress.40 Only at higher stoichiometric ratio (1.02 for 0.5 wt. % and 1.03 
for 0.8 wt. %), the tensile strain values were affected significantly may be due to the increase of 
hard segment with short chain. The tensile strength for TPU-CNC nanocomposites increased with 
the incorporation of CNC. A decrease in mechanical properties for TPU-CNC 0.5/1.00 can be 
attributed to the stoichiometric offset due to additional hydroxyl groups of CNC and could cause a 
high degree of phase mixing. By increasing the stoichiometric ratios, enhancement in tensile 
properties was also observed to increase up to certain ratios, for example, 1.01 and 1.02 for 0.5 and 
0.8 wt. % CNC in the matrix, respectively. Among all, remarkable improvement in tensile strength 
was achieved at an appropriate stoichiometry for TPU-CNC0.8/1.02 up to 63.6 MPa (28% increase) 
from 49.4 MPa of TPU Control. The enhancement of tensile strength by CNC for ‘TPU-
CNC0.8/1.02’ was also supported by the toughness value that was determined by the area under the 
curve as well as tear strength that increased slightly from TPU control. A significant (10%) 
improvement in toughness at a very low CNC loading (0.5 % wt.), can be attributed to the retained 
softness due to the increase of phase mixing caused by the soft and hard segment domains. On top 
of that, notable decrease in TPU elongation was observed upon 0.8 wt. % CNC addition and 
stoichiometric ratio increment probably due to the hard segment formation and cellulose bundle.  
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The effect of stoichiometric ratio towards tensile stress and strain can be seen in Figure 7.8 (b). The 
significant difference between 0.5 and 0.8 wt. % of CNC loading was observed after the increase of 
stoichiometric ratio after both nanocomposites have reached optimum value of tensile stress. 0.8 wt. 
% CNC-nanocomposites shows slight of decrease compared to 0.5 wt. % as the hydroxyl group on 
the surface of CNC still able to react with isocyanate groups and retained the good mechanical 
properties of TPU. 
 
Table 7.6 Mechanical properties of TPU control and TPU-CNC nanocomposites. 
 
7.3.7 Creep behaviour 
Creep can be described as the strain change with time while being applied with continuous constant 
stress.41 For thermoplastic polyurethane, this is an important property to be determined as it is 
usually affected by the hard segments content. 42 In this work 2 MPa of stress have been applied for 
6 hours to observe the deformation of TPU control and nanocomposites. In Figure 7.13 shows the 
tensile-creep curves where an initial tensile strain obtained was slightly varied immediately after 
2MPa of stress was applied. The TPU control and nanocomposites recorded 9 to 11 % and reached 
to 14 to 18 % of tensile strain where it can be addressed as insignificant increase. Table 7.7 
summarised the tensile-creep modulus (Et) (the ratio of applied stress to tensile-creep strain) and 
used to evaluate the creep resistance of the TPU. Et of TPU nanocomposites increased slightly with 
the cellulose addition but start to decline at the greater stoichiometric ratio. This suggested that 
CNC has preventing drastic polymer chain deformation (strain). The decline is linear possibly 
related to low soft to hard segment ratio (TPU-MCC0.5/1.03) and the cellulose bundle (TPU-
CNC0.8/1.03). 
 
Sample 
Tensile 
Stress 
(MPa) 
Tensile 
Strain (%) 
Young’s 
Modulus 
(MPa) 
Toughness 
(MPa) 
Tear 
Strength 
(N/mm) 
TPU Control 1.00 49.4 ±1 1179.3 ±28 16.0 ±2 268.5 ±10 113.5 ±6 
TPU-CNC 0.5/1.00 47.6  ±2 1163.5 ±40 20.6 ±1 263.2 ±15 126.1 ±2 
TPU-CNC 0.5/1.01 54.6 ±1 1119.0 ±23 18.8 ±2 276.6 ±8 127.2 ±7 
TPU-CNC 0.5/1.02 50.3 ±4 914.6 ±42 18.1 ±1 207.7 ±20 121.6 ±2 
TPU-CNC 0.8/1.01 57.0 ±1 1031.1 ±16 20.4 ±1 262.5 ±6 125.2 ±6 
TPU-CNC 0.8/1.02 63.6 ±4 1008.5 ±30 20.5 ±0 271.2 ±16 117.7 ±7 
TPU-CNC 0.8/1.03 61.0 ±2 957.6 ±15 18.3 ±1 248.8 ±10 120.5 ±8 
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Figure 7.9 Tensile-creep curves of TPU nanocomposites at an applied stress 2 MPa. 
 
Table 7.7 Tensile-Creep Modulus (Et) of the TPU-CNC nanocomposites measured at a stress of 2 
MPa. 
 
 
 
 
 
 
 
 
7.3.8 Hysteresis property 
The hysteresis value reflected the energy dissipation by the polymer matrix structure or due to the 
incorporation of nanofillers into the polymer matrix. In TPU control, the hysteresis value is 
attributed to internal friction between polymer chains, breaking of hydrogen bonds and 
crystallisation.43 On addition of CNC, the internal friction increases due to the large interfacial 
interaction between CNC and polymer matrix.44 The hysteresis testing was done to evaluate the 
cellulose reinforcement attribute and calculation was made on the 2nd and 5th cycle at a strain of 50, 
100, 200 and 500 % to observe the behaviour of nanocomposite under cyclic conditions. The same 
Sample Tensile Creep 
Modulus (MPa) 
TPU Control 1.00 11.9  
TPU-CNC 0.5/1.00 12.6 
TPU-CNC 0.5/1.01 11.1 
TPU-CNC 0.5/1.02 10.7 
TPU-CNC 0.8/1.01 10.7 
TPU-CNC 0.8/1.02 12.7 
TPU-CNC 0.8/1.03 9.3 
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sample was used throughout all the strains value for every set of testing. The mechanical hysteresis 
value for each sample was determined using the area under the loading and unloading curves 
(Figure 7.10) and the hysteresis value at 2nd and 5th cycles are presented in Table 7.8. Based on the 
Figure 7.10, the hysteresis value of first cycle has the highest value whereas the remaining cycle 
almost recorded similar trend. This is a typical behaviour for thermoplastic elastomer due to 
dramatic change in the morphology occurs when a substantial deformation is applied and remained 
in the same range afterwards shows a little change in the morphology. Thus, compared to the TPU 
control there is no much difference in hysteresis value of the TPU nanocomposite after the cellulose 
addition. However, the increase of stoichiometry ratio has slightly increased the hysteresis value 
probably due to the increase of hard segment domain. Meanwhile, the comparison of residual strain 
(stress is zero at unloading) in Table 7.9 shows that at 500 % of strain TPU nanocomposites shows 
minimal energy dissipation compared to TPU control may indicates the agglomeration of cellulose 
thus restrain an efficient stress transfer in TPU structure. 
 
Table 7.8 Hysteresis calculated on 2nd and 5th loading-unloading cycle to 50, 100, 200 and 500 % 
respectively. 
Sample 
 
Cycle H50 
(MPa) 
H100 
(MPa) 
H200 
(MPa) 
H500 
(MPa) 
TPU Control 1.0 
2nd 0.33±0 0.92±0 2.74±0 11.75±0 
5th 0.25±0 0.70±0 1.96±0 7.70±0 
TPU-MCC0.5/1.00 
2nd 0.34±0 0.93±0 2.71±0 11.33±1 
5th 0.26±0 0.71±0 1.98±0 7.45±1 
TPU-MCC0.5/1.01 
2nd 0.32±0 0.92±0 2.84±0 12.61±0 
5th 0.25±0 0.71±0 2.06±0 8.39±0 
TPU-MCC0.5/1.02 
2nd 0.27±0 0.85±0 2.81±0 13.74±0 
5th 0.22±0 0.66±0 2.10±0 9.43±0 
TPU-MCC0.8/1.01 
2nd 0.27±0 0.86±0 2.91±0 13.40±0 
5th 0.21±0 0.67±0 2.12±0 9.07±0 
TPU-MCC0.8/1.02 
2nd 0.29±0 0.84±0 2.64±0 11.86±0 
5th 0.22±0 0.65±0 1.91±0 7.92±0 
TPU-MCC0.8/1.03 
2nd 0.28±0 0.87±0 2.80±0 13.50±0 
5th 0.23±0 0.68±0 2.09±0 9.21±0 
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Table 7.9 Residual strain at 1st and 5th of loading unloading cycle to 50, 100, 200 and 500% 
respectively for TPU Control 1.0 and TPU-MCC0.8/1.02. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Strain (%) 
Residual Strain (%) 
TPU Control 1.0 TPU-MCC0.8/1.02 
1st cycle 5th cycle 1st cycle 5th cycle 
50 2.4 4.2 5.4 7.2 
100 10.7 13.7 13.1 15.5 
200 32.2 41.1 33.3 41.1 
500 153.3 171.4 162.5 168.4 
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Figure 7.10 Hysteresis loop for TPU control and nanocomposites at strain of 50,100,200 and 500 % 
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7.4 Conclusion  
This work has successfully demonstrated a sustainable processing of TPU/CNC nanocomposites by 
investigating an acid-free method of deconstructing commercially available micro-sized cellulose 
particles into cellulose nanocrystals (CNC) first in water and then in the polyol, and preparing 
nanocomposites via a scalable method of reactive extrusion (REX). The microcrystalline cellulose 
(MCC) was first deconstructed to smaller size of particles via sonication in water and then by high-
energy bead milling (HEBM) with a polyol precursor. Microscopic analysis of aqueous suspension 
after sonication process has shown the deconstruction of MCC in to predominantly well-separated 
CNC with partially deconstructed agglomerates of CNC. Hence, further milling process was done to 
deconstruct CNC in polyol precursor. The CNC produced after the sonication process showed 
enhanced thermal stability than the typical CNC obtained via acid hydrolysis TPU/CNC 
nanocomposites was prepared by bulk polymerisation of polyol/CNC dispersion, isocyanate and 
chain extender in a twin screw extruder at throughput rate (3.2 kg/hr).  
 
Incorporation of 0.8 wt. % of CNC in the TPU matrix at an appropriate stoichiometric ratio has 
remarkably improved the mechanical properties (tensile strength and toughness) of the 
nanocomposites without compromising the thermal transition behaviour, optical properties, creep 
and hysteresis behaviour. Based on the spectral analysis, a thermal transition behaviour and thermo-
mechanical property, CNC probably has act as nucleator crystallisation of polyurethane chains 
specifically hard segment domains of TPU. These structure-morphology changes have been 
correlated to the physical and mechanical properties of nanocomposites. 
 
Since this approach has avoided the use of corrosive acids for isolation of CNC and organic 
solvents for incorporating it in polyurethane, it can be further exploited as a sustainable processing 
method for most of the curable/in-situ polymerisable thermoplastics like polyurethane and 
polyesters.  
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Chapter 8 
This chapter based on Amin et al. Chem. Eng. Journal.2016, 302, 406-416.  
 
Chapter 8 
Processing of Spinifex-derived Nanocellulose Reinforced Thermoplastic Polyurethane 
Nanocomposites via Reactive Extrusion 
 
In this chapter, we again demonstrate a scalable, organic solvent-free incorporation of alternative 
and very promising Spinifex-derived nanocellulose into the thermoplastic polyurethane (TPU), and 
again demonstrating remarkable reinforcement, without compromising elastic properties. The 
nanocomposites were prepared via water-assisted dispersion of Spinifex-derived nanocellulose in 
polyether polyol by bead milling, subsequent drying and reactive extrusion of this polyol dispersion 
with diisocyanate and chain extender precursors. Upon the incorporation of nanocellulose (0.5 wt. 
%), as observed from infrared spectroscopic and thermal analysis, the phase mixing of hard and soft 
segments in the TPU matrix and the primary relaxation temperature have slightly increased due to 
the hydrogen bonding, interfacial area and nucleation enhanced by long polar nanocrystals. The 
TPU/nanocellulose nanocomposites prepared with an appropriate stoichiometric ratio (determined 
through proper process control) showed a remarkable improvement (up to 43%) in ultimate tensile 
strength without compromising the elastic properties including elongation, creep and hysteresis.  
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8 .1 Introduction 
Compounding methods using existing extrusion and moulding facilities are favoured by the 
industry as they are economically viable and environmentally friendly. Of these methods, reactive 
extrusion is the manufacturing method of choice for all of the very large commercial players in the 
TPU industry, as it provides a greater ability to convey, shear and polymerise the precursors, adjust 
the processing temperature, tune the composition, molecular weight and thereby the performance 
(properties). Hence, this study communicates a significantly more attractive route for processing 
nanocellulose reinforced TPU nanocomposites via this most commercially-favourable method i.e. 
‘reactive extrusion’. 
  
As explained in Chapter 7, the reactive extrusion process builds up the polymer chains via in-situ 
bulk copolymerisation of monomers or precursors in a co-rotating twin-screw extruder. Reactive 
extrusion also provides us with an attractive and sensible route for potentially introducing 
nanocellulose additives into the TPU supply chain in the non-reactive liquid polyol precursor 
materials (eg either as dilute dispersions or masterbatch concentrates), thus providing an economic 
“drop in” solution for the polyurethane industry regarding materials handling and commercial scale 
processing. Hence, herein, we demonstrate a large scale processing strategy for polyurethane-
cellulose nanocomposites, by isolating an exciting and unique high aspect ratio, more flexible 
nanocellulose candidate from Triodia pungens, dispersing this unique cellulose in the polyol and 
subsequently performing twin-screw reactive extrusion. Triodia pungens, more commonly known 
as “Spinifex” or “porcupine grass” is a soft resinous arid grass that is the dominant vegetation 
which covers nearly one-third of the Australian continent. We have recently explored spinifex as a 
source of high-aspect ratio nanofibrils capable of being extracted using comparatively green 
methods and very low energy consumption.4, 5 This nanocellulose (NC) has an unusually high 
remnant hemicellulose content (~40% w/w) which makes it tough and flexible, and so it appeared to 
be a very promising candidate for reinforcing TPU. 
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8.2 Experimental 
8.2.1 Materials  
Triodia pungens (T.pungens) grass was collected directly from plants growing around Camooweal, 
Queensland, Australia. The general chemicals; 4, 4’- diphenyl-methane diisocyanate (MDI, 
Aldrich), 1, 4-butanediol (BDO), Poly (tetramethylene glycol) (PTMEG, Mn = 1000), sodium 
chlorite -Technical Grade, 80% (Sigma-Aldrich Castle Hill, Australia), sodium hydroxide (Ajax 
Finechem, Thermo Fischer and sulphuric acid (RCI Labscan Bangkok, Thailand) were used as 
received.  
8.2.2 Isolation of nanocellulose from Spinifex via acid hydrolysis   
Nanocellulose from Spinifex grass (T. pungens) were isolated via an optimised hydrolysis method 
reported elsewhere.6 It involves washing native fibres three times with hot water (~60°C) under 
vigorous mechanical stirring, drying, grinding into powder (0.3-7 mm x 63 ± 38 μm), and 
subsequently treating with an alkaline solution, bleaching and then mild acid hydrolysis. Typically, 
the bleached pulp was suspended in 40% v/v sulphuric acid, digested at 45°C for three hours. The 
digested suspension was centrifuged four times at 4750 rpm for 20 minutes. This was done in order 
to remove the excess aqueous acid and the dissolved amorphous lignocellulosic components. Then, 
the nanocellulose suspension was dialysed in deionised water until the pH reached 7, ultrasonicated 
at 25% amplitude, at a frequency of 20 kHz for 20 minutes with output energy of 500W using an 
ultrasonic probe (Model Q500 Sonicator, from QSonica, Newtown, United States) and then freeze-
dried. 
 
The morphology of nanocellulose were analysed by Transmission Electron Microscopy (TEM). 
About 1µl of nanocellulose dispersion (0.04 mg/mL) was placed onto the formvar-coated 200 mesh 
copper/Palladium grid (ProSciTech, Queensland, Australia) and allowed to dry at room 
temperature. The sample was then stained with a 2 % uranyl acetate aqueous solution (UA) for ten 
minutes in the absence of light, and then the extra UA was removed from the grid and the grid was 
allowed to dry at room temperature. Finally, the grid was scanned on a JEOL 1011 TEM (JEOL Pty 
Ltd., Frenchs Forest, Australia) at 100 kV and images were captured on a IS Morada 4K CCD 
camera system. The average diameter and length of nanocellulose were determined using digital 
image analysis (Image J) software.  
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8.2.3 Processing of polyol/nanocellulose suspension precursor 
To prepare nanocomposites via reactive extrusion, the freeze-dried nanocellulose was first 
introduced in polyol part via a scalable mechanical method. About 0.83 wt. % of nanocellulose with 
respect to polyol weight (aiming for 0.5 wt. % in the final nanocomposite), was dispersed in 
deionised water and that dispersion was subsequently introduced into poly(tetramethylene glycol) 
(PTMEG, Mn = 1000) and stirred overnight (12 hours). The polyol-NC dispersion was further 
homogenised using a portable rotor-stator homogeniser for one minute (i.e. two times for 30 
seconds) to obtain a homogeneous dispersion. This dispersion was subsequently milled in a Netzsch 
laboratory agitator bead mill (LabStar via Netzsch, Selb/Bavaria) with continuous circulation for 
four hours at a temperature of 40 °C and a speed of 1500 rpm with 0.4 mm beads at a reservoir bead 
volume of 400 ml. This polyol- nanocellulose mixture was further dried using a thin/wiped film 
evaporator (VTA, Niederwinkling, Germany) achieving a final water content of below 300 ppm. 
This polyol-nanocellulose suspension was stored in an impervious container after purging with 
nitrogen gas so that no further moisture pickup would occur. Because of imposed limitations on the 
availability of staff and reactive extrusion facilities (which at the time were being heavily-used by 
TenasiTech Pty Ltd), it was decided that for these studies the nanocellulose addition level would be 
fixed at 0.5% while only varying the isocyanate index. This would at least give us a good 
comparison with the results in Chapter 7, allowing us to compare MCC-derived CNC with 
Spinifex-derived nanocellulose and their relative suitability for TPU reinforcement. 
8.2.4 Reactive extrusion of polyurethane nanocomposites 
The schematic representation of the reactive extrusion setup that consists of dispensing units, 
extruder, water bath, drying unit, and pelletiser can be seen in Figure 3.2 of Chapter 3. The 
dispensing units of polyol, chain extender and diisocyanate were equipped with digital flow meters 
(Bronkhorst Coriolis mass flow meters), gear pumps and gas lines in order to precisely control the 
flow rate of precursors. The screw profile was used in this extrusion process as display in Figure 3.3 
of Chapter 3. 
 
As was the case in Chapter 7, to prepare the polyurethane with a 90 A Shore hardness, the hard 
segment ratio was kept 0.44 with a NCO/OH stoichiometry 1:1 and the weight percentage for 
PTMEG 1000, MDI and BDO are 56, 36.06 and 7.94 respectively.  This aromatic polyether 
hardness grade was selected because it represents one of the most high volume grades sold in the 
TPU industry. For achieving this weight ratio, the mass flow rates were adjusted to 1797.6 g/h for 
PTMEG1000, 254.8 g/h for BDO and 1146 g/h for MDI. This allowed the production of a control 
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thermoplastic polyurethane material with a stoichiometry of 1, with typical commercial “data sheet” 
properties, and at a target throughput rate of 3.21 kg/h. During the processing of nanocomposites, 
the flow rates were slightly varied to monitor the influence of stoichiometric ratios and compensate 
for the well-known additional hydroxyl functionality of nanocellulose. The polyol flow rate was 
adjusted to 1812.5 g/h in order to compensate the mass of nanocellulose. Table 8.1 summarises the 
flow rates and conditions (torque and die pressure) used during the processing of nanocomposites at 
different stoichiometric ratios. The samples are labelled as ‘TPU/NC X’ in which X denotes the 
reaction stoichiometry. 
 
Table 8.1 Reagent flow rates and processing conditions used for producing the TPU control and the 
TPU/NC nanocomposites.  
Sample Polyol 
flow rate 
(g/h) 
MDI flow 
rate (g/h) 
BDO flow 
rate (g/h) 
Torque 
(%) 
Die 
pressure 
(bar) 
TPU Control 0.99 1797.6 1146.0 254.8 20-21 11 
TPU Control 1.0 1797.6 1157.6 256.8 26-27 15 
TPU/NC1.0 1812.5 1157.6 256.8 26 16 
TPU/NC1.01 1812.5 1169.1 256.8 30-31 21-22 
TPU/NC1.02 1812.5 1180.7 256.8 39-40 32-33 
TPU/NC1.03 1812.5 1192.3 256.8 43 37-38 
 
 
 
 
8.3 Results and discussion 
8.3.1 Nanocellulose from Spinifex grass 
Nanocellulose from Spinifex grass (T.pungens) was extracted by controlled acid hydrolysis of the 
bleached pulp with a 40% (v/v) sulphuric acid solution at 45°C for 3h. TEM images from the 
dispersion of freeze dried nanocellulose as shown in Figure 8.1. The well-separated, nanocellulose 
with an average diameter of 3.45 ± 0.75 nm and an average length of 497 ± 106 nm, hence an 
aspect ratio of about 144 was obtained.  
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Figure 8.1 TEM images of nanocellulose obtained via acid hydrolysis at different magnifications.  
 
8.3.2 Processability of TPU/nanocellulose nanocomposites by reactive extrusion 
The viscosity of polyol precursor was determined to see the interaction between nanocellulose and 
polyol as shows in Figure 8.2. The results show the increase of viscosity of polyol after the addition 
of nanocellulose indicates the possibility of secondary bonding leading to significantly-elevated 
zero shear viscosity values. However the suspension also shows classical shear thinning behaviour, 
which is promising for enabling mixing during reactive extrusion. 
 
Figure 8.2 Viscosity as a function of the shear rate of polyol (PTMEG1000) and polyol-NC 
dispersion (PTMEG1000-NC). 
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Thermoplastic polyurethane and its nanocomposites were prepared via bulk polymerisation of 
precursors in an intermeshing twin-screw extruder. The stoichiometries of each formulation were 
controlled by tuning the mass flow rates as shown in Table 8.1 with a throughput of 3.21 kg/h. 
Enhancing miscibility of precursors was done by continuous mixing and shearing components, 
which is an important criterion during reactive extrusion, due to the step-growth polymerisation 
reaction happening on and near the interface between diisocyanate and polyol. The screw profile 
and the speed were also adjusted in order to enhance the impingement mixing and the growth of 
polymer chains. Although the urethane formation reaction is fast at temperatures above 60°C, an 
external catalyst was also used to facilitate the polymerisation. The kinetic and mechanistic details 
of polyurethane polymerisation in reactive extrusion can be found elsewhere.7 
 
The polymerisation was observed as a changing in torque (viscosity) just a few minutes after 
injecting the precursors into the hopper (in zone 1), and the change in the  colour and physical 
appearance of composites from clear liquid (in zone 1) to white turbid liquid (in zone 7) and 
subsequently to transparent molten semi-solid material (die). The dried extrudates of all samples 
were soluble in the regular solvents (tetrahydrofuran, N,N-dimethylformamide, dimethyl sulphoxide 
etc.) of thermoplastic polyurethanes. The TPU nanocomposite films obtained after compression 
moulding of pelletised extrudate, showed a clear and transparent appearance, as can be seen in 
Figure 8.3. 
 
Figure 8.3 Picture of control TPU and TPU/NC nanocomposite film specimens. 
 
The polymerisation was further characterised by molecular weight using gel permeation 
chromatography (GPC). The number average molecular weight (Mn) and weight average molecular 
weight (Mw) of the TPU control with a stoichiometry of 1 were 41,000 and 98,000, respectively 
with a polydispersity of 2.3. When the stoichiometry was changed to 0.99, the Mn and Mw were 
slightly reduced to 38,000 and 88,000 without any changes in PDI. The polymerisation of TPU 
control was produced until the stoichiometry of 1.0 was reached. Further increase in stoichiometry 
ratio (such as 1.01-1.03) was limited by the poor processability, as the unreacted precursor materials 
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(white, non-flowable, discontinuous chunks) were observed in the final product of the extrusion 
process. 
 
8.3.3 Spectroscopic characterisation of TPU/nanocellulose nanocomposites 
The influence of nanocellulose and stoichiometric changes on chemical bonding network (N-H 
bond, C-O bond and hydrogen bond) were characterised by the FTIR spectroscopic analysis of the 
thermoplastic polyurethane (TPU control) and its nanocomposites. It can be expected that the 
hydroxyl groups available on the surface of nanocellulose, may play a critical role in the TPU 
polymerisation by reacting with isocyanates groups and also in the network formation via hydrogen 
bonding with N-H and C=O groups. Hence, their influence on the network formation was followed 
by determining the association of N-H and C=O groups quantitatively from the intensities and the 
area of corresponding peaks as shown in Figure 8.4.  
 
The ‘free’ N-H bond represents the N-H groups covalently connected with C=O groups in the 
urethane linkage (which exhibit elastic behaviour), whereas the ‘associated’ or ‘bonded’ N-H 
represents the N-H bonds further associated with C=O via hydrogen-bonding (which indicates the 
association in hard domains and physical networks formation).8, 9, 10 The peak at 3450-3454 cm-1 
represents the stretching vibration of ‘free’ N-H bonding (Figure 8.4 (a)) and the degree of 
association can be further calculated by a shift in frequency (wavenumber) to a low energy region 
as mentioned in equation (1).11 Table 8.2 shows the frequency shift (∆ʋ) values for TPU and its 
nanocomposites with nanocellulose.  
 
At stoichiometry 0.99, the TPU control sample showed the frequency shift 125, however the other 
samples (TPU control 1.0 and nanocomposites) showed almost similar frequency shifts 129-130. 
This indicates that the presence of (0.5 wt. %) nanocellulose do not affect the average strength of 
the hydrogen bonding significantly with varying stoichiometric ratios. The association or hydrogen 
bonding of N-H groups may also be redundant with hydrogen-bonding in the hard-soft segment 
domains such as ester-urethane and urethane-urethane hydrogen bonding. This can be further 
analysed by quantitatively measuring the association of carbonyl groups and the peaks at 1729 cm-1 
and 1700 cm-1 can be assigned to the ‘free’ C=O and hydrogen bonded C=O respectively.11, 12 In 
Table 8.2, the area of the absorbance peaks for ‘associated’ N-H, ‘free’ C=O, and ‘associated’ C=O 
(Figure 8.4 (b)) are given. The influence of stoichiometry was only observed for TPU control 0.99. 
Otherwise, the peaks intensity were unaffected by the incorporation of nanocellulose or changing 
stoichiometry.  
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Figure 8.4 FTIR-spectra at (a) N-H stretching region and (b) C=O stretching region of TPU control 
and TPU/NC nanocomposites with stoichiometric (NCO/OH) value from 0.99 to 1.03. 
 
 
 
Table 8.2 Frequency shift of the N-H stretching mode, and peak area of N-H and C=O groups of 
TPU control and its nanocomposites with various stoichiometric ratios.  
Sample Frequency shift 
∆ʋ (cm-1) for 
‘bonded’ N-H 
Peak area for 
‘bonded’ N-H  
Peak area 
for ‘free’ 
C=O 
Peak area for 
‘bonded’ 
C=O 
TPU Control 0.99 125 12.7 18.2 5.6 
TPU Control 1.0 130 12.8 18.6 8.1 
TPU/NC1.0 129 12.8 19.0 8.0 
TPU/NC1.01 129 13.2 19.0 7.9 
TPU/NC1.02 130 13.8 18.9 7.9 
TPU/NC1.03 130 14.3 19.0 7.9 
 
 
 
The influence of stoichiometry and incorporation of nanocellulose was further analysed in terms of 
degree of phase separation (DPS) and degree of phase mixing (DPM) using the method developed 
a) b) 
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by Tien and Wei.13 DPS represents the degree of carbonyl groups association via hydrogen bonding 
in hard segment-hard segment interactions whereas DPM, denotes the degree of C=O groups 
association in hard segment- soft segment interactions. 14, 15  
 
Table 8.3 shows the R, DPS and DPM values for TPU control and its nanocomposites. In 
comparison, TPU control with stoichiometry 0.99 showed lower DPM value (32) than the TPU 
control with stoichiometry 1 (38) indicating the high percentage of hard domain formation or poor 
mixing of hard segments due to an insufficient percentage of urethane linkage formation in ‘TPU 
control 0.99’.  
 
However, the incorporation of nanocellulose did not significantly affect the DPM and DPS values. 
This indicates that regardless of the changes in stoichiometry, well-dispersed nanocellulose in 
polyurethane facilitated the mixing of hard and soft segments either by covalently linking through 
the surface hydroxyl groups with isocyanates, or enhancing the interfacial area for hydrogen 
bonding between hard and soft segments through hydroxyl groups on their surface. Immediately we 
observe that the incorporation of the Spinifex-derived nanocellulose, albeit at only 0.5 wt%, is very 
consistent in its influence on R, DPM and DPS, suggesting that this nanocellulose is very 
compatible with this aromatic polyether TPU formulation. 
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Table 8.3 The carbonyl hydrogen bonding index, the degree of phase separation (DPS) and the 
degree of phase mixing (DPM) in TPU/NC nanocomposites by reactive extrusion process. 
 
8.3.4 Thermal properties 
For thermoplastic polyurethanes, exhibition of a low glass transition temperature (Tg) is an 
important criterion. The influence of nanocellulose incorporation and a slight change in 
stoichiometry on the thermal transition behaviour of TPU control and nanocomposite samples were 
studied by differential scanning calorimetry. Figure 8.5 shows the multiple endothermic transitions 
can be observed for all samples.  
Figure 8.5 DSC thermograms of TPU control and TPU/NC nanocomposites. 
 
 
Sample A1700 A1729 R DPM DPS 
TPU Control 0.99 0.68 0.32 2.13 32 68 
TPU Control 1.0 0.66 0.41 1.61 38 62 
TPU/NC1.0 0.68 0.40 1.70 37 63 
TPU/NC1.01 0.68 0.40 1.70 37 63 
TPU/NC1.02 0.68 0.41 1.66 38 62 
TPU/NC1.03 0.69 0.41 1.68 37 63 
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The multiple transition behaviour which is characterised for multi-phasic polyurethane can be 
ascribed to the disruption and fusion of different phases in different length scales, 16-19 as described 
below:  
 
T1 (50-70°C): The ordering of hard segments containing single MDI  
T2 (100-180°C): The glass transition of hard segments and disruption of various degrees of short-
range hard segments (HS) composed of MDI2BDO, MDI3BDO2 blocks  
T3 (190-210°C): Higher melting hard microphase. 
T4 (211-217°C): The disruption of predominantly MDI4BDO3 and MDI5BDO4 hard segment 
structures.  
 
Table 8.4 summarises the multiple endothermic transitions, Tg and the enthalpy for the fusion of the 
hard segments. A very slight increase in Tg can be observed for the nanocomposites indicating that 
the incorporated nanocellulose slightly constrains the motion of soft segments.20-23 After 
incorporation of nanocellulose, no significant changes in the T1 range were observed, whereas in 
the T2 range, more prominent endothermic transitions were seen in this range of 98°C to 104°C. 
Although difficult to extrapolate, this indicates that the introduction of Spinifex nanocellulose may 
promote the self-assembly of a larger population of hard segments composed of MDI2BDO, and 
MDI3BDO2 sequences with respect to the TPU control. For nanocomposites, the T3 melting 
endotherm is also not distinguishable, which perhaps further indicates that the inclusion of these 
very compatible, long, thin, soft nanocellulose fibrils has resulted in the preferred formation of 
perhaps smaller or thinner nanoscale hard segment domains. A peak for T4 temperature was only 
observed in TPU/NC1.03 nanocomposites indicating that a slightly higher isocyanate input is 
required to form hard segments composed of predominantly MDI4BDO3 and MDI5BDO4 blocks. 
 
The reduction in well-organised hard segment microphase domains in all nanocomposites can also 
be seen by the reduction in the total fusion enthalpy from 14.28 to 3.02 J/g. This reduction may also 
be related to the high DPM values due to the enhanced interfacial area by the nanocellulose. 
However, the shore hardness was determined and recorded similar values (90A) for all 
nanocomposite samples, so these subtle differences are more about paracrystalline signatures rather 
than gross differences in TPU morphology. Again, synchrotron SAXS would be required to really 
enable more quantitative statistical differences in phase domain morphology.  
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Table 8.4 Transition temperatures and enthalpies of TPU control and TPU/NC nanocomposites. 
      a Enthalpy of fusion values are the sum of  the T1-T4 melting enthalpies 
 
8.3.5 Thermo-mechanical properties 
The temperature dependency of mechanical properties of TPU control and its nanocomposites in the 
linear viscoelastic regime was measured by dynamic mechanical analysis. Figure 8.6 shows the 
storage modulus (E′) as a function of temperature. E′ for almost all of the samples changes upon 
temperature which typically found for multi-phasic elastomers material where a high value (~2-3 
GPa) in the glassy regime (below -60°C) indicates the motion of macromolecular chains is 
restricted. Then followed by a decrease in E′ of the rubbery region.  
 
Sample 
 
Tg (soft) 
(°C) 
Endotherm Peaks Hard Phasea 
∆H (J/g) T1 (°C) T2 (°C) T3 (°C) T4 (°C) 
TPU Control 1.0 -51 69 167 195 - 14.28 
TPU/NC1.0 -47 66 103 200 -  
  165    
TPU/NC1.01 -45 65 98 - - 6.48 
 
  164    
  180    
TPU/NC1.02 -46 68 104 - - 3.44 
  180    
TPU/NC1.03 -45 68 103 - 221 3.02 
  137    
  173    
   181    
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Figure 8.6 Storage modulus (left) and damping factor (right) of TPU control and nanocomposites 
as a function of temperature. 
 
Table 8.5 summarises the E′ in the rubbery regime at 25°C and damping peak values obtained from 
damping factor (tan δ) for TPU control and nanocomposites. In comparison with TPU control, no 
significant difference in E′ was observed for TPU/NC nanocomposites with 0.5 wt. % nanocellulose 
loading. This indicates that molecular motion of the polymer chains within the nanocomposites was 
not significantly affected by nanocellulose low loading. In other words, the reduction in microphase 
of hard segments size and increased phase-mixing did not restrict the molecular motion at this 
loading level. However, if the stoichiometry is increased to 1.03, a slight decrease in stiffness is 
observed from 32.7 MPa to 28 MPa. This can be attributed to the reduction of hard segment domain 
and an elevated level of phase mixing and possibly due to compatibility and flexibility of Spinifex 
nanocellulose. 
 
The broadness and height of the damping peaks provide information associated with the degree of 
freedom for motion of the macromolecular chains mainly in the soft domains in both TPU control 
and nanocomposites. The TPU control shows a broad damping peak (-65 to 30°C) with the 
maximum at -25.4°C. (Figure 8.6). The width of this peak indicates that the primary relaxation of 
the soft segments/domains from the glassy state is due to the different length scales of soft domains 
mixed within the system. The peak area and height are unaffected for nanocellulose incorporated 
nanocomposites with stoichiometries of 1 and 1.01. A slight increase in temperature and peak were 
observed, when the stoichiometry is increased to 1.02 or 1.03 indicating a slight reduction 
molecular motion in these nanocomposites in comparison to the TPU control. 24, 25 This can be 
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attributed to a slight increase in the amount of hard segments and a slight decrease in their micro-
phase size, restricted the molecular motion of soft domain. 
Table 8.5 Storage modulus (E′) at room temperature and the glass transition temperature (Tg) of 
TPU control and TPU/NC nanocomposites. 
 
 
 
 
 
 
8.3.6 Mechanical properties  
 
In the development of polyurethane nanocomposites, a significant improvement in tensile strength 
without compromising the elastic properties such as elongation and toughness is important. The 
reinforcement effect of the nanocellulose was investigated by measuring the tensile properties, tear 
strength, creep behaviour and hysteresis of the TPU control and its nanocomposites at room 
temperature. The tensile stress-strain curves of the TPU control and its nanocomposites with 
different NCO/OH stoichiometries are shown in Figure 8.7. 
 
By the incorporation of 0.5 wt. % of nanocellulose, no significant changes in the tensile stress 
within the low strain regime was observed and only after 200 % strain an increase in tensile stress 
was observed until their failure. This indicates that the softness of the TPU matrix is retained. Table 
8.6 summarises the tensile strength, tensile strain, modulus, and toughness values calculated from 
these curves. With increasing stoichiometry ratio, the 0.5 wt. % nanocellulose incorporated 
nanocomposites show significant increase in ultimate tensile strength. For example, the TPU/NC 
nanocomposite with stoichiometry of 1.03 has shown about 43% improvement in tensile strength 
(58.3 from 40.7 MPa). The enhancement of the mechanical properties achieved is much better or 
equivalent to the TPU/cellulose composite processed via solution casting. 26, 27 The retainment of 
softness and improvement in tensile stress values can be related to the meso-scale structural 
morphology modified by the incorporation of nanocellulose with surface hydroxyl groups. 
 
Sample 
 
Storage modulus at 25 °C 
(MPa) 
Damping peak 
(°C) 
TPU Control 1.0 32.7 -25.4 
TPU/NC 1.0 32.1 -26.7 
TPU/NC1.01 31.0 -26.5 
TPU/NC1.02 30.6 -19.3 
TPU/NC1.03 28.0 -18.4 
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Figure 8.7 Tensile curves of TPU control and TPU/NC nanocomposites where inset shows the low 
strain region. 
 
 
Table 8.6 Mechanical properties of TPU control and its nanocomposites as a function to 
stoichiometric ratio. 
Sample 
 
Tensile 
Stress 
(MPa) 
Tensile Strain 
at break 
(%) 
Modulus 
(MPa) 
Toughness 
(MPa) 
Tear 
Strength 
(N/mm) 
TPU Control 1.0 40.7 ±3 1102.3 ±60 14.9 ±1.2 229.2 ±2 108.9 ±14 
TPU/NC1.0 41.7 ±3 1095.6 ±57 16.6 ±0.2 228.7 ±2 107.3 ±10 
TPU/NC1.01 47.7 ±2 1083.9 ±39 14.5 ±0.4 250.9 ±2 123.8 ±2 
TPU/NC1.02 54.4 ±2 1022.7 ±19 14.6 ±0.6 250.7 ±1 121.6 ±2 
TPU/NC1.03 58.3 ±4 1011.7 ±33 16.1 ±0.7 251.3 ±2 120.4 ±11 
 
The Young’s modulus and tensile strain values are unaffected by nanocellulose incorporation at a 
0.5 wt. % loading. Only at high stoichiometry ratio (1.03), nanocomposite samples exhibited about 
8% increase in tensile modulus. This can be related to the formation of more microphase hard 
segments, as discussed in thermal analysis. The reinforcing potential of T.pungens nanocellulose 
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was further observed in the improvement of toughness as determined by the area under the tensile 
stress-strain curve. A significant (10% ) improvement in toughness at very low (0.5 wt. %) of 
nanocellulose incorporation, can be attributed to the retained softness due to the increased mixing of 
soft and hard segment domains, thereby sliding of hard segment domains26 and the stepwise 
elongation/uncoiling of the nanocellulose. This also indicates the compatibility and flexibility of 
Spinifex nanocellulose compared to low aspect ratio CNC used in Chapter 7.  
 
8.3.7 Creep behaviour 
The creep behaviour of TPUs is an important property to be measured, as it is typically affected by 
the content of hard segments.28 In order to determine the time dependent dimensional stability or 
durability of TPU and TPU/NC nanocomposites, creep behaviour was tested as a tensile 
deformation under constant applied stress (2 MPa). Figure 8.10 shows the tensile-creep curves 
where, a slight difference in initial deformation (immediately after applying stress 2 MPa), can be 
observed among the samples.  
 
However, the time-dependent deformation was insignificant even after 6 h, indicating the 
dimensional stability under stress at elastic regime. TPU/NC nanocomposites with different 
stoichiometric ratios (1.00, 1.01, 1.02 1.03) have shown low tensile strain approximately at 19% - 
21% with comparison to TPU control (21%) after 6 hours of the creep testing. The tensile-creep 
modulus (Et) (the ratio of applied stress to tensile-creep strain) was used to evaluate the creep 
resistance of the TPU (Table 8.7). The incorporation of nanocellulose with different stoichiometric 
ratios has shown a slight increase possibly due to the increase of hard-segment domain formation. 
However, creep resistance slightly decrease at stoichiometric ratio 1.03 due to the phase of mixing 
increased as discussed in thermal analysis and mechanical properties section. 
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Figure 8.8 Tensile-creep curves of TPU nanocomposites at an applied stress 2 MPa. 
 
Table 8.7 Tensile-Creep Modulus (Et) of the TPU nanocomposites measured at a stress of 2 MPa 
for 6 h. 
 
 
 
 
 
 
 
 
 
8.3.8 Hysteresis property 
The hysteresis is the time-dependent property value which reflects the energy dissipation and its 
history by the polymer matrix under the deformation. In the TPU, the hysteresis value is attributed 
to internal friction between polymer chains, multi-phasic domains, breaking of hydrogen bonds and 
crystallisation.29 The influence of nanoparticles incorporation may affect (increase) the internal 
friction due to the large interfacial interaction between nanoparticles and polymer matrix. 30 Hence, 
the hysteresis of the TPU control and nanocomposites samples was tested with five repeated cycles 
of loading and unloading at a strain of 50, 100, 200 and 500 % with at each strain, continuously and 
the hysteresis loop as shown in Figure 8.9. For all samples, the initial loading curves show 
Sample 
 
Creep Modulus 
(MPa) 
TPU Control 1.0 8.9 ±0.3 
TPU/NC1.0 9.5 ±0.1 
TPU/NC1.01 9.8 ±0.8 
TPU/NC1.02 10.3±0.2 
TPU/NC1.03 9.9 ±0.4 
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stiffening and then followed by rollover response for 50% strain cycles, after five cycles of loading 
and unloading, the stiffening points (strain levels) have shifted to higher strain range. The unloading 
cycles show hysteresis loops with residual strains and the area covered under loop represents the 
mechanical energy dissipated into the matrix. Table 8.8 gives the values of TPU control and 
nanocomposites after second and fifth cycles at 50, 100, 200 and 500 % applied strain respectively. 
With increasing applied strain and number of cycles, the residual strain increases and it is more 
prevalent above 200% applied strain Table 8.9 compares the residual strains for TPU control and 
TPU/NC 1.02 nanocomposite samples after first and fifth cycles. The increase in residual strain for  
TPU control can be related to the plastic deformation and orientation of hard segment domains and 
orientation. 31-33 At each applied strain, with increasing number of cycles, the hysteresis values have 
reduced. Above 200 % applied strain, with increasing number of cycles, the hysteresis (energy) 
values have significantly reduced for all samples. In comparison, addition of 0.5 wt. % of 
nanocellulose did not exhibit significant influence on the hysteresis indicating that internal friction 
was not affected to undergo recoverable change in orientation under cyclic condition. However, this 
phenomenon was also supported by negligible change in the residual strain between the control and 
the nanocomposite samples. As discussed in thermal analysis, possibly relatively reduced size and 
phase-mixing of the hard segment domains allows for easier reorientation within the TPU under 
strain, softening in the matrix under multiple cycles and thereby increasing the loss in the hysteresis 
cycle. 
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.  
Figure 8.9 Hysteresis loop for TPU control and TPU nanocomposites at strain of 50, 100, 200 and 
500 %. 
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Table 8.8 Hysteresis values for TPU control and nanocomposites after second and fifth cycles at 
50, 100, 200 and 500 % applied strain respectively. 
Sample 
 
Cycle H50 
(MPa) 
H100 
(MPa) 
H200 
(MPa) 
H500 
(MPa) 
TPU Control 1.0 
2nd 0.27±0 0.82±0 2.58±0 11.05±0 
5th 0.21±0 0.62±0 1.83±0 7.10±0 
TPU/NC1.00 
2nd 0.30±0 0.85±0 2.62±0 11.01±1 
5th 0.23±0 0.65±0 1.85±0 7.32±1 
TPU/NC1.01 
2nd 0.26±0 0.82±0 2.64±0 11.68±0 
5th 0.20±0 0.62±0 1.88±0 7.60±0 
TPU/NC1.02 
2nd 0.26±0 0.82±0 2.71±0 12.66±0 
5th 0.20±0 0.63±0 1.98±0 8.48±0 
TPU/NC1.03 
2nd 0.27±0 0.84±0 2.73±0 13.44±0 
5th 0.22±0 0.65±0 2.02±0 9.17±0 
 
Table 8.9 Comparison of residual strain at 1st and 5th of loading unloading cycles for TPU Control 
1.0 and TPU/NC1.02 nanocomposites. 
 
 
 
Applied strain (%) 
Residual strain (%) 
TPU Control 1.0 TPU/NC1.02 
1st cycle 5th cycle 1st cycle 5th cycle 
50 7.7 8.4 7.8 9.6 
100 15.5 17.9 15.5 18.5 
200 39.3 47.6 39.3 47.6 
500 166.4 183.0 166.4 183.9 
Chapter 8 
161 
 
8.4 Conclusion 
In this study we have successfully demonstrated the processing of high-performance thermoplastic 
polyurethane nanocomposites reinforced with nanocellulose via a scalable processing method by 
incorporating nanocellulose in polyol precursor and polymerising via reactive extrusion. FTIR 
spectral analysis showed that by the addition of nanocellulose the phase-mixing has enhanced due 
to an increase in interfacial area and enhanced nucleation on the nanocellulose. Thermal analysis 
and thermal-mechanical properties indicated the retainment of thermal transitions and visco-elastic 
behaviour of typical high-performance polyurethanes.  The incorporation of nanocellulose at 0.5 wt. 
% at an appropriate stoichiometry has improved the tensile strength of TPU up to 43% as well as 
toughness and tear strength without compromising the stiffness and elasticity of TPU matrix. The 
creep resistance has slightly improved and the hysteresis of high-performance TPU has been 
retained. The processing strategy reported could be attractive solution for the polymer industry to 
process polyurethane nanocomposites with range of nanoparticles via scalable processing methods 
and offer high performance TPU materials for industrial and engineering applications. 
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Chapter 9 Conclusions and Recommendations 
9 .1 Conclusions 
 
Thermoplastic polyurethanes (TPU) are one of the most versatile polymer classes. They can be 
formulated in such a way that they can range from soft elastomers to very hard materials. 
Furthermore, they can be processed like thermoplastics by tuning the ratio of precursors 
(diisocyanate, polyol and chain extender). To improve the performance and reduce the production 
cost, reinforcement with functional fillers is also an attractive strategy to tune property profiles. 
Recently, remarkable enhancement of mechanical, thermal, and physical properties, as well as the 
retention of the optical properties of TPU have been reported by reinforcing with cellulose 
nanocrystals (CNC). However, contemporary fabrication methods for TPU nanocomposites (mostly 
academic) have been based on solvent/wet processing methods (solution casting, in-situ 
polymerisation) and with waterborne polyurethane systems. To translate and expand the usage of 
these nanocomposites, industrial scale processing via classical extrusion, melt compounding and 
moulding methods will be more environmentally friendly and cost-effective. Industrial scale 
production via melt-processing methods is currently limited because of the poor processability, 
dispersibility and low thermal stability of the CNC. Hence, this study has focused on the 
investigation of possible production methods of CNC with enhanced thermal stability and 
scalability, and the demonstration of melt-processing of TPU with CNC at elevated temperature 
using intermediate and large scale extruders. A comprehensive analysis of the isolation of CNCs 
and the structure-property relationship of TPU nanocomposites have resulted in several key findings 
as follows: 
i)  Isolation of cellulose nanocrystals (CNC) with enhanced thermal stability via acid 
hydrolysis methods 
 
To-date, sulphuric acid hydrolysis is the most commonly used method to isolate cellulose 
nanocrystals (CNC) with a distinct,consistent dimensions and acceptable production yields. 
However, CNC produced via this method exhibit low thermal stability due to the presence of a 
sulphate functional group which promotes dehydration and degradation reactions. Alternative 
methods involved the use of mild and non-corrosive acids, hydrothermal, and mechanical methods. 
In Chapter 4, isolation of CNC with enhanced thermal stability was studied using commercially 
available microcrystalline cellulose (MCC) i) via single acid hydroloysis at a low solid to liquid 
ratio using mild phosphoric acid and ii) via a mixed acid hydrolysis method, at a low solid to liquid 
ratio with a combination of strong acids (sulphuric acid, hydrochloric acid).  
Chapter 9 
165 
 
• The production of CNCs with enhanced thermal stability using phosphoric acid, via the reported 
protocol, involved a high solid to liquid ratio (1:185) and exhibited a low production yield. In 
our investigation, the production of CNC from MCC permitted the use of a low solid to liquid 
ratio (1:75) due to the smaller size of the raw materials. The CNC produced via this method 
exhibited enhanced thermal stability and retained crystallinity. An optimisation of the process for 
CNC with a distinct morphology has also significantly reduced both the volume of acid 
employed and the hydrolysis time.  
• The mixed acid hydrolysis, with a 1:77 solid to liquid ratio, was performed using phosphoric 
acid in combination with strong acids. This method further reduced the consumption of acids 
without compromising the thermal stability, dispersibility, crystallinity and production yield. In 
this study, the sequence of addition showed significant influence on the morphology and yield, 
particularly when the phosphoric acid was added first and sulphuric or hydrochloric acid was 
added after 1.5 h, with the produced CNC exhibiting distinct rod-like shape and higher yield.  
 
In both methods, the morphology, size and dimension of CNCs produced were almost similar to the 
typical CNC isolated by sulphuric acid hydrolysis with, importantly, higher thermal degradation 
temperature, retained crystallinity and good dispersion. 
 
ii) Isolation of cellulose nanocrystals (CNC) with enhanced thermal stability via a scalable 
mechanical method 
In Chapter 5, the micronisation of the milling of cellulose was investigated under wet processing 
conditions, to demonstrate the scalability of the production of cellulose nanocrystals (CNC) with 
enhanced thermal stability.  
• The CNC were produced by dispersing MCC in deionised water and micronising via high-energy 
bead milling (HEBM). The production method was optimised, based on the concentration of 
suspension and milling time and a higher production yield was obtained from the suspension of 2 
wt. % concentration and 1 h of milling time. This production method displayed lower energy 
consumption than the conventional sulphuric acid hydrolysis method.  
• The CNC produced via this method exhibited enhanced thermal stability, good dispersibility, 
retained crystallinity and high production yield. They exhibited similar rod-like shape with a 
relative higher aspect ratio in comparison to CNC using the conventional sulphuric acid 
hydrolysis method. 
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• In addition, pre-swelling of MCC in acidic media using mild acid i.e. (1 wt. % phosphoric acid) 
also enhanced the thermal stability of CNC produced via the HEBM method. 
iii) Processing of TPU/CNC nanocomposites via melt-compounding method at an 
intermediate scale 
To demonstrate melt-processability, this study focused on classical compounding of TPU with 
thermally stable CNC via a twin-screw extrusion at an intermediate scale. For comparison, CNCs 
produced via conventional sulphuric acid hydrolysis (CNC-S), mild acid (phosphoric acid) 
hydrolysis (CNC-P) (Chapter 4) and a mechanical method (CNC-MC) (Chapter 5) were used for 
both ‘solvent or solution casting’ and melt processing methods with a well-known polyurethane 
matrix (Texin 990). 
• The TPU/CNC nanocomposites produced via melt-compounding exhibited relatively poor 
transparency compared with those produced via a solvent casting method. Among three types of 
CNCs, optical transparency of the nanocomposites produced via melt compounding was 
displayed in the following order: CNC-P>CNC-MC>CNC-S. Discolouration was observed for 
TPU/CNC nanocompsoites processed via melt-compounding with CNC-S due to the degradation 
behaviour.  
• Remarkable improvements in mechanical properties for TPU nanocomposites, processed via 
both methods, was observed at 0.5 and 1.0 wt.% of CNC loading for all types of CNCs. 
However, compared with CNCs, the melt-processing of nanocomposites with CNC-P and CNC-
MC had enhanced mechanical properties and retained their optical properties, and without 
significant discoloration.  
• As evidenced from thermal transition behaviour and infrared spectroscopic analysis, the 
interaction between filler and host-matrix was significantly affected by three different types of 
CNCs.  
• It can also be stated that TPU/CNC nanocomposites can be melt-compounded at an industrial 
scale using CNCs obtained via phosphoric acid hydrolysis and HEBM. 
iv) Processing of CNC reinforced TPU nanocomposites via reactive extrusion at large scale  
To demonstrate the processability of TPU/CNC nanocomposites via a large scale reactive extrusion, 
the study was performed by preparation of CNC in polyol followed by bulk polymerisation using a 
twin screw extruder. In this method, two approaches were investigated, as follows: 
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A) In the first approach, (Chapter 7), the polyol/CNC dispersion was successfully prepared by 
deconstructing the CNCs using water ultrasonication and then a polyol precursor via HEBM. 
• The deconstruction of cellulose into nanocrystals without the use of acids and the dispersion of 
CNC into polyol without employing any organic solvent and polymerisation via reactive 
extrusion was successfully demonstrated as achieving a cleaner and more sustainable processing 
of TPU/CNC nanocomposites.  
• An appropriate stoichiometric ratio of NCO/OH with the incorporation of CNC at a low fraction 
(0.8 wt. %) remarkably enhanced their mechanical properties without compromising their 
thermal transition behaviour, optical properties, creep and hysteris behaviour. 
 
B) In this part (Chapter 8), the processability of high aspect ratio nanocellulose derived from native 
Australian Spinifex (Triodia pungens) arid grass was investigated.  
• The high-aspect ratio nanocellulose was obtained, via a typical controlled sulphuric acid 
hydrolysis under mild conditions, from the Spinifex grass.  
• The high-aspect ratio of nanocellulose significantly increased the viscosity of polyol/cellulose 
dispersion and flow parameters during reactive extrusion. 
• Based on thermal and spectroscopic analysis results, spinifex nanocellulose was also found to act 
as nucleation point for hard domain formation, but comparing CNC from microcrystalline 
cellulose (Chapter 7) was found to potentially decrease the size of the microdomains.  
• Overall, due to the flexibility and toughness of spinifex nanocellulose, the toughness of 
nanocomposites significantly improved without affecting/compromising its thermal transition 
behaviour, optical properties, creep and hysteris behaviour. At an appropriate stoichiometric 
ratio of NCO/OH, an improvement of approximately 43 % in tensile properties was observed. 
• It can be summarised that this processing strategy can be adopted when incorporating both low 
and high aspect ratio nanofillers into many other curable/polymerisable systems at a large scale 
without employing any organic solvent. 
 
9.2 Recommendations 
This study has made a significant contribution to the production of cellulose nanocrystals (CNC) 
with enhanced thermal stability that can be processed with most of the thermoplastics and the 
processing of thermoplastic polyurethane (TPU) nanocomposites at an intermediate and large scale.  
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Further investigations are recommended to further the understanding of cellulose nanocrystals 
prepared using different isolation methods, and their interaction and reinforcing potential with TPU. 
Based on the results obtained in the isolation of thermally stable CNC via different approaches, a 
more thorough  investigation of surface chemistry and potential surface modification strategies for 
functionalised CNC is recommended. For example, the “one step” production and chemical 
modification of CNC could be envisaged and investigated further by further development of the 
scalable milling procedure presented. For further improvement in the efficiency of the milling 
method, the size of the input raw material cellulose particles is recommended to be smaller, in the 
range of few microns to few millimetres, (rather than the size of a particle in conventional paper 
pulp or wood pulp). 
 
Based on the results obtained from the intermediate scale of the melt-compounding process, an 
alternative method to incorporate CNC into a TPU matrix can involve the use of: 
i) masterbatch of PU/CNC nanocomposites prepared via solution casting.1  
ii) compatibilisers for enhancing surface wetting and hydrogen bonding between polyurethane and 
cellulose.2 (Appendix B) 
Meanwhile, the processing of TPU nanocomposites film via solution casting which involved the 
usage of solvent should be dried longer to completely eliminates the residual of solvent. 
In reactive extrusion, an in-depth investigation into the influence of cellulose nanocrystals on the 
total hydroxyl group functionality3, and the optimisation of the reactive extrusion process by 
varying the isocyanate index, chain extender and the melt rheology, can be extended. This could 
provide a comprehensive understanding and tuning of TPU/CNC processing at an industrial scale. 
In terms of the characterisation of TPU nanocomposites, optical microscopy, such as scanning and 
transmission electron microscopy, could be performed on TPU films after tensile testing. Whitening 
streaks that occur during tensile deformation can be observed and characterised accordingly. FTIR 
dichroism experiments are also recommended to study the orientation of hard and soft segment 
domains during tensile deformation.4  
To better understand the filler-TPU interaction and structure-property relationship, further 
investigation into the morphology and the proposed hard segment formation at the interface of CNC 
can be carried out using synchontron small-angle x-ray/neutron scattering (SAXS/SANS), ideally 
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on an in-situ tensometer to follow morphology and the cellulose I crystalline signature orientation 
during extension. 
The processing methodology of dispersing CNC in monomeric (low molecular) precursors via 
water-assisted milling, drying and polymerising/curing, can be adopted for many other systems, 
such as polyesters, polyamides and polyurethanes (foams and castables).  
  
Chapter 9 
170 
 
Bibliography 
1 M. Mariano, N. El Kissi and A. Dufresne, European Polymer Journal, 2015, 69, 208-223. 
2 K. Ben Azouz, E. C. Ramires, W. Van den Fonteyne, N. El Kissi and A. Dufresne, ACS 
Macro Letters, 2011, 1, 236-240. 
3 L. He, X. Li, W. Li, J. Yuan and H. Zhou, Carbohydrate Research, 2012, 348, 95-98. 
4 D. K. Graff, H. Wang, R. A. Palmer and J. R. Schoonover, Macromolecules, 1999, 32, 
7147-7155. 
 
 
 
Appendices 
171 
 
Appendix A. Supplementary Data 
I. Charge density measurements for CNCs  
The charge densities of CNCs were measured by conductometric titration. The CNCs are expected 
to have less ionic charges upon isolation process via acid hydrolysis method. The volume of NaOH 
required for the neutralisation of the negative ionic charges is used for charge density calculation. 
Figure A1 show the conductometric titration curves for blank solution and CNCs’ suspensions.  
 
Figure A1. Conductometric titration of blank solution and suspension with CNC-PS, CNC-SP, 
CNC-PH and CNC-HP. 
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II. Hysteresis property of TPU/CNC nanocomposites processed via solvent casting and melt 
compounding (Chapter 6) 
 
The influence of CNCs on the hysteresis property of thermoplastic polyurethane (TPU)/CNC 
nanocomposites in Chapter 6 was investigated using hysteresis test. Figure A2-A5 show TPU 
nanocomposites with five loading-unloading cycles of stress to determine the hysteresis property.  
 
Figure A2 Hysteresis curves for TPU control and TPU/CNC-S nanocomposites processed via 
solvent casting method. 
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Figure A3 Hysteresis curves for TPU/CNC-P (left) and TPU/CNC-MC (right) nanocomposites 
processed via solvent casting method. 
 
Appendices 
174 
 
 
 
Figure A4 Hysteresis loop curves for TPU control and TPU/CNC-S nanocomposites fabricated via 
melt compounding method. 
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Figure A5 Hysteresis loop curves for TPU/CNC-P (left) and TPU/CNC-MC (right) 
nanocomposites processed via melt compounding method. 
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Appendix B  
Processing of TPU/CNC nanocomposites with compatibiliser 
In this preliminary work, polyethylene oxide (PEO) act as a compatibiliser was used to increase the 
dispersibility of CNC in TPU matrix. CNC (CNC-MC) obtained via high energy bead milling 
(HEBM) as shown in Chapter 4, was used to enhance the dispersibility. PEO (1 wt. %) was added 
to the aqueous suspension of CNC-MC obtained from HEBM and then the suspension was freeze-
dried to obtain lyophilised of PEO coated CNC (CNC-PEO). These PEO coated CNC was 
physically added to the pellets of TPU matrix (Texin 990) and melt-compounded at similar 
conditions mentioned in Chapter 6.  
The physical appearance was compared between the TPU nanocomposites with CNC-MC and 
CNC-PEO (Figure B1). PEO coated CNC containing nanocomposites have shown a slight of 
improvement in the dispersion and a slight reduction in discoloration (without any degradation), 
specifically for the nanocomposite with higher loading of CNC (5 wt. %).   
 
Figure B1 Physical appearance of TPU/CNC nanocomposite and TPU/CNC-PEO nanocomposites. 
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The influence of PEO coated CNCs (CNC-PEO) on enhancement of mechanical properties of TPU 
nanocomposites can be seen in Table B1. A better enhancement in tensile properties can be seen for 
the nanocomposites with CNC-PEO than CNC-MC, more specifically at higher loading of CNCs (5 
wt. %). This improvement with CNC- PEO can be related to the enhanced compatibilisation and 
dispersion of CNCs induced by PEO chains, in the TPU matrix.  
This system has been shown as a strategy for compatibilisation of TPU matrix and thermally CNCs. 
This study can be investigated in detail.   
 
Table B1 Mechanical properties comparison between TPU/CNC nanocomposites and TPU/CNC-
PEO nanocomposites.  
 
CNC 
Loading 
(wt.%) 
Tensile Stress 
(MPa) 
Tensile Strain (%) Toughness 
(MPa) 
Tear Strength 
(N/mm) 
CNC PEO CNC PEO CNC PEO CNC PEO 
Control  57.7 ±3 1041.3 ±39 261.5 ±18 119.9 ±4 
0.5 64.0 ±2 65.7 ±1 1062.6 
±30 
1106.4 
±27 
290.2 
±15 
323.1 
±17 
113.1±6 126.1 ±4 
0.8 - 66.4 ±2 - 1077.9 
±3 
- 304.0 ±4 - 121.4 ±4 
1.0 65.6 ±2 63.4 ±3 1084.7 
±5 
1057.8 
±11 
305.9±7 295.8 
±18 
125.2±7 128.8 ±4 
5.0 51.2 ±1 57.1 ±2 1005.6 
±20 
1040.8 
±27 
247.2 
±10 
279.8 
±15 
126.6 ±4 136.8 ±7 
